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I. INTRODUCTION
With the development of mechanization, the number and size of
machines on farms continue to increase. On one hand we are increasing
production; on the other, the increasing weight particularly the axle
load of the machinery is causing a serious problem of soil compaction.
Nebraska Tractor Test Reports show that the average U.S. tractor mass in
1968 was about 4.5t (University of Nebraska, 1968) and in 1981 the
average was approximately 6.5t (University of Nebraska, 1981). McXibben
(1971) reported that the average tractor power was rising at about 5 to
7% per annum. Dvortsov and Polyak (1979) reported that the average power
of tractors in both USSR and USA increased by approximately 30% from 1965
to 1975, and they expected 750 Kw tractors, with mass ranging from
30 to 36 t, to make an appearance in the near future. Vehicles used for
transporting and spreading lime and slurry now have a mass sometimes
exceeding 20t (Hakansson, 1979). Combine harvesters, when fully laden,
could have axle loads of up to 13t. (Blackwell et al., 1986).
Another reason for greater soil compaction is an increase in the
amount of traffic, or the actual number of trips through the field.
Wheels of harvesting equipment cumulatively cover 75% of the area
havested at each cutting for crops such as lucerne (Sheesley et al.,
1974). Voorhees (1977) found that for six operations in planting maize,
the tractor's dual tires, each 450 mm wide, will cover the field
approximately twice. Kononov and Garbar (1973) calculated that during a
single cereal growing season in Byelorussia, U.S.S.R., more than 80% of
the field was covered by the tractor wheels.
Several researchers have reported tliat compaction persists for a
long period, which intensifies the compaction effects (Dickerson, 1975;
Froehlich, 1979; Bowen, 1975; Blake et al., 1976; and Greacen and Sand
1980), Fortunately, swelling and shrinkage due to changes in soil water
content reduce the compaction effect, and soil freezing also is thought
to help in reducing compaction (Soane et al., 1982). But, Blake et al-
(1976) in a 9-year study in Minnesota reported persistance of compaction
below the depth of plowing in a clay loam soil. Voorhees et al. (1973)
showed that wheel effects were alleviated by autumn tillage and natural
weathering for the 0-150mm depth but they persisted at greater depths.
Intense traffic by a 30t vehicle could be detected after nine years
(Hakansson, 1979). Similar results have been obtained in other
countries, e.g., Sweden, Netherlands, U.K., and Australia, under
different environmental conditions (Soane et al., 1982).
Compaction effects sometimes reduce crop yields, and also cause
gradual deterioration of the soil structure. Significant reduction in
yields of corn, wheat, cotton and other crops have been reported,
(Phillips and Kirkham, 1962; Barnes et al., 1971; Chancellor, 1976;
Chaplin and Rugg, 1986; Sheesley et al., 1974; Raghavan and Mckyes, 1973;
Feldman and Domier, 1970; Soane et al., 1982). Canarache and Patru
(1984) reported that there was a 10% decrease in the total porosity, a 30
to 50% decrease in macroporosity, a 4 to 5 fold decrease in saturated
conductivity, a 10 to 20% decrease in soil structure stability, and a 20
to 30% increase in specific plowing resistance of the soil affected by
wheel traffic.
Adverse effects of compaction have also been quantified by many
other researchers. Raghavan et al. (1976) estimated that damage caused
by soil compaction costs over a billion dollars per year in the United
States alone. Gill (1971) estimated approximately $1.2 billion per year
losses in crop yields. Similar results have been observed in the
U.S.S.R. (Dvortsov and Polyak, 1979). In California 800,000ha of
cropland, much of it under irrigation, were estimated to be affected by
compaction to the point where the yields of many crops were reduced
(Flocker, 1976). Voorhees and Hendrick (1977) found that in Illinois the
draft for plowing a silty clay soil increased by 92% as a result of
previous heavy compaction. Fuel consumption for plowing increased from
25.6 to 30.5 liters/ha, an increase of 19% as a result of one wheel pass
(Voorhees, 1979). Up to 16-fold increases in energy were needed to
pulverise a compacted soil to the same degree of fineness as an
uncompacted one (Chancellor, 1976). Cultivator tines and drill coulters
are subject to Increased wear when used in compacted rows (Soane et al.,
1982). Wheel slip also increased when plowing previously tracked land.
Voorhees and Hendrick (1977) reported that a 5% increase in wheel slip
may result in 20% greater tire wear.
Compaction produced by agricultural vehicles is a multi-
disciplinary problem and Includes soil, plant, and machine interactions.
Researchers have attempted to formulate a compaction model to include
effects of >rtieel parameters, load, slip, contact area, contact pressure,
impact and static loading, soil water status, and number of passes
(Bauder and Schuler, 1985; Taylor et al., 1978; Boynton and Daniel, 1985;
Burt and Wells, 1986; Kline and Perumpral, 1984 and Pollock et al.,
1986). But, Soane et al. (1981a and 1981b) concluded that further
cooipactloa studies are needed to assess the contribution of these
properties and farming practices for both existing and future types of
vehicles. Soil-plant-machine interactions require further research to
reach a better understanding of the processes involved in degradation of
soil physical condition and to permit prediction of their effects on soil
structure and plant-growth. Changes in bulk volumetric properties (void
ratio, total porosity, specific volume, and dry bulk density) may not be
as important to plant growth as the associated increased strength and the
reduction of conductivity and diffusivity of water and air through the
soil pore system (Soane et al., 1981a). Carpenter and Fausey (1983)
mentioned that, although soil compaction affects many important soil
physical properties, perhaps the most detrimental effect is the drastic
reduction in saturated hydraulic conductivity which might increase soil
erosion and reduced crop yields due to increased runoff and poor internal
drainage. Compaction alters the soil structure, which determines water
content and water transmission in soils (Warkentin, 1971; Fausey and
Carpenter, 1982). Similarly, Black (1964) mentioned the permeability of
that soil to water or air is another measure of soil structure, and if
the volume percentage of large pores is reduced,the permeability of the
soil to water is affected. Similar studies were done by Wang et al.
(1985); van Schilfgaarde (1970); and McKeague et al. (1982b).
Literature available on in situ hydraulic conductivity of compacted
soil is not very extensive. Therefore, this study was initiated to study
the effects of wheel traffic and tillage on In situ hydraulic
conductivity. The specific objectives of this study were:
(a) To determine the effects of wheel traffic on In situ hydraulic
conductivity;
(b) To evaluate the effects of tillage treatments on soil hydraulic
conductivity;
(c) To compare the performance of the Velocity and Guelph
Permeameters with the laboratory method for measuring the soil
hydraulic conductivity.
II. LITERATURE REVIEW
Compaction is a physical deformation that affects the physical
properties of soil. Recent investigations have been directed toward
quantifying compaction effects on soil density, soil strength, soil
porosity, soil structural degradation, pore size changes, and hydraulic
conductivity.
Hydraulic conductivity is one of the most useful parameters in
interpreting physical properties of soil. Conductivity reflects the
ability of the conducting medium to transmit water (Hillel, 1982). It
varies in soils due to chemical, physical and biological processes.
Hydraulic conductivity is therefore, a function of the density of the
soil, size and shape of the particles, structure of the medium,
composition and concentration of solutes, and moisture content of the
soil. It seemed probable that soil compaction would be reflected in
marked charges in conductivity due to the physical changes in the medium.
Conductivity might be used to predict compaction effects on yields, to
specify drainage tile" spacing (van Schilfgaarde, 1970; Luthin, 1966), to
aid in calculating infiltration and drainage of water, (Gilley et al.,
1984) and as an indicator of soil structural degradation (Wang et al.,
1985).
With the advent of in situ hydraulic conductivity measuring
instruments and techniques much work has been and is presently being
conducted to understand the phenomenon of water movement in soils and to
determine the validity of the basic concepts. Literature available in
this field is voluminous. This review includes selected references
considered to be pertinent to the present study.
A. Factors Affecting Hydraulic Conductivity Of Soil
1. Traffic
Compaction due to wheel traffic can substantially restrict soil
water movement- Vertical forces (wheel load) and horizontal forces (due
to tractive effort and wheel slip) deform the soil and reduce the
diameter and continuity of pores (Aura, 1983; Jumikis, 1967).
Permeability is sensitive to the changes in pore structure. Considerable
reduction in hydraulic conductivity due to compaction was reported by
Chancellor (1976); Dechnik and Tarkiewiez (1982); Canarache and Petru
(1984); and Carter (1985).
2, TUlage
Tillage may improve soil structure by mechanical manipulation,
creating greater pore space that increase conductivity, since the average
pore size of a soil is related to its overall porosity (Allmaras et al.,
1966). On the other hand, the continuity of macropores to the soil
surface (e.g., insect burrows and old root channels) which increases
hydraulic conductivity, is destroyed by tillage (Mukhtar et al., 1985).
In no-tillage studies Smith and Llllard, 1976; Allmaras et al., 1977;
Sims, 1983; Jones et al., 1969; Lai, 1976; and Langdale et el., 1979;
concluded that Infiltration increases in no-tillage systems when crop
residue is left on the soil surface. However, Laflen and Colvin (1981);
and, Siemens and Oschwald (1973), reported that the increase in
infiltration rate is not necessarily due to the no-tillage system.
3, Depth
Hydraulic conductivity varies with depth, and frequently differs
from one soil layer to another. Carter U985) presented an excellent
representation of the effect of traffic on profile differences that
showed not only the magnitude of the effect, but also its location.
Voorhees et al. (1973) showed that wheel traffic from normal farming
operations can compact the soil to a depth of 0.45m. Increases in soil
strength of the upper 60cm of soil from compaction are reported by Carter
(1985). He also reported increased soil penetrometer resistance at low
traffic Intensities to a depth of 30cm, and at higher intensities to a
depth of 70cm. Soane et al. (1982), found significant differences in
resistance to penetration in wheel tracks to a depth of 60cm. Gameda et
al. (1985) found major increases in compaction at depths between 20 and
30cm from the surface.
4. Bulk Density
Compaction increases soil bulk density and consequently decreases
saturated hydraulic conductivity. Warkentin (1971) showed that as much
as a tenfold decrease in hydraulic conductivity occurred over the common
range of bulk density increases associated with field traffic. An
increase in bulk density under compaction and a corresponding decrease in
conductivity has been reported by many investigators (Trouse, 1966;
Grable, 1971; Hivakumaraswaray and Satyanarayana, 1982). However, results
of tillage and no-tlllage treatments on bulk density are not consistent
and at times are contradictory, as reported by Hill and Cruse (1985).
According to them, some researchers have observed significant differences
in soil bulk density under conventional and conservation tillage
treatments, whereas other researchers (Blevin et al., 1977) have not
found any significant differences. No-tillage treatments on com belt
soils have been shovm to result in significantly higher bulk densities
than soil with conventional tillage (Lindstorm and Onstad, 1984).
5. Water Content
Compaction destroys the macropores that promote the do\mward
movement of water as well as water availability to the roots. Soil water
holding capacity under compaction was studied by Greacen and Sands
(1980); Cooper et al. (1983); Voorhees (1977); Carpenter et al. (1983);
and Gilley et al. (1984). Erbach et al. (1986) reported significant
differences among tillage systems, with soil water content in the 0 to
20cm soil layer increasing in this order: fall moldboard plow less than
spring disk less than no-tillage. Degree of soil compaction is also
highly dependent upon soil moisture content. Weaver and Jemison (1951)
found that a dry loam soil could be compacted to a depth of 30cm under
excessive tractor use, but when wet it was compacted to a depth of 60cm.
6. Salt Concentration
Hivakumaraswamy and Satyanarayana (1982) reported that at a high
salt concentration hydraulic conductivity may increase due to compression
of a diffused double layer. At lower salt concentrations, soils and the
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macropores are squeezed and their conducting ability Is decreased.
Chloride salts produce higher hydraulic conductivity than carbonate
salts.
7. Soil Texture
Soil texture refers to the proportion of sand, silt, and clay size
particles in the soil. The term texture carries both qualitative and
quantitative connotations (Hlllel, 1982). Compaction occurs differently
in different soil fractions. Sandy soils retain a relatively larger
proportion of macropores than the clay soils. Compacting a sandy soil
will not significantly impede the water movement (Foth, 1973). Hillel
(1980) provided a table showing steady infiltration rates in selected
soil types from 0.8m/hr for sand to 0.04 m/hr for clay. Blackwell et al.
(1986) studied a silt loam under I3t axle loads and reported decreased
porosity to a 50cm depth. Decrease in hydraulic conductivity was
observed for a soil high in 2:1 layer silicates (Hivakumaraswamy and
Satyanarayana, 1982). Variations in the soil texture within the same
site is frequently observed. Several other studies have demonstrated
that significant variation of hydraulic conductivity within a single soil
mapping unit is common (Baker, 1978; Topp et al., 1980; Geohring, 1983;
and Watts et al., 1982).
8. Soil Structure
Partial or complete destruction of soil aggregates due to compaction
results in decreasing hydraulic conductivity and may restrict crop
growth. Wang et al. (1985) reported up to a 100-fold reduction in
11
saturated hydraulic conductivity due to structural degradation.
Structural degradation and its influence on hydraulic conductivity, soil
porosity and macropores have been studied by Zobeck et al. (1985); Bouma
et al. (1977); Voorhees and Lindstorm (1984); and Taylor et al. (1961).
B. Water Flow Principles
Forces which activate the movement of water in soils may be
classified as mechanical (pressure, gravitational), molecular (thermal,
osmotic, absorptive), and electrical (Miller and Klute, 1967). In 1856,
Darcy (Hillel, 1982) developed an empirical relationships while observing
the water movement under pressure in sand beds.
q = KAH/L (1)
where:
q * The specific discharge rate V/At (i.e., the volume of water, V
flowing through a unit cross sectional area, A per unit time,
t) is called the flux density.
AH • Difference between two heads. AH " - Hq
L " Length of the soil column.
t^H/L = Head drop per unit distance in the direction of flow, is the
hydraulic gradient.
K = The proportionality factor, called the hydraulic conductivity.
Darcy's equation was modified for three-dimensional flow by Slichter,
1899 (Hillel, 1982),
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q =-KVH (2)
where:
VH " is the gradient of the hydraulic head in three-dimensional
space.
This law is analogous to Ohm's law in electricity and Fourier's law
of heat conduction. The proportionality factor K is not only dependent
on soil parameters, but depends upon the attributes of the soil and the
fluid together. Therefore, the hydraulic conductivity K, with dimensions
(L/T), can be separated into two factors: intrinsic permeability k, with
dimensions (L^) depends on pore geometry of the soil, and fluidity of the
liquid or gas f, with dimension (L~^T~^) depends on fluid density and
viscosity.
K " kpg/u (3)
where pandyare the density and viscosity of the fluid, respectively, and
g is the acceleration of gravity.
C. Measurement of K
Hydraulic conductivity can be measured in the laboratory or in the
field with saturated and unsaturated conditions. The moving force in a
saturated soil is the gradient of a positive pressure potential
disregarding the gravitational force, which is completely unaffected by
the saturation or unsaturation of the soil. On the other hand, water in
an unsaturated soil is subject to negative pressure potential. When the
soil is saturated, all of the pores are water filled and conducting, so
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that continuity and hence conductivity are iBaximal. IJhen the soil
desaturates, some of the pores become air filled and the conductive
portion of the soil's cross-sectional area decreases correspondingly. At
saturation, the most conductive soils are those in which large and
continuous pores constitute most of the overall pore volume, while the
least conductive are the soils in which the pore volume consists of
numerous micropores. Thus, as is well known, a saturated sandy soil
conducts water more rapidly than a clayey soil. However, the very
opposite may be true when the soils are unsaturated (Hillel, 1982;
Gardner, 1961a; Gardner, 1961b; and Bertrand, 1965).
1. Laboratory Methods
Methods for measuring hydraulic conductivity in the laboratory were
reviewed by Klute (1965). For the saturated condition, commonly known
methods are the constant-head method and the falling-head method. Soil
samples with either disturbed or undisturbed structure are usually held
in metal or plastic cylinders, so that one-dimensional flow can be
obtained. The constant-head system is best suited to samples with
conductivities greater than approximately 0.01cm per minute, while the
falling-head system is best suited to s^ples with lower conductivity.
The conductivity of unsaturated soil may be measured by two types of
techniques, steady state and unsteady state. The steady-state method
Involves the establishment of a flow system in which the water content,
tension, and flux are not changing with time. It is measured by applying
a constant hydraulic head difference across the sample and measuring the
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resulting steady~state flux of water. The sample may be placed in a
pressure chamber between porous plates or membranes that are permeable to
water. A constant-head water supply system is connected to a porous
plate, and a constant-head removal system is connected to the other. By
adjustments and control of the gas-phase pressure in the chamber, the
sample may be brought to various levels of water content. Alternatively,
hanging water columns may be connected to the ends of the sample through
the porous plates, and the water content of the sample may be adjusted by
the suction applied. For the unsteady state outflow system, techniques
available for determining soil water diffusivity can be used.
2. Field Methods
Methods for measuring hydraulic conductivity in the field were
reviewed by Boersma (1965). These methods can be further classified as
measurement of K below the water table and below the water table.
Several methods have been developed for below the water table measurement
(Bouwer and Jackson, 1974 and Bouma, 1980). Widely used methods are the
auger-hole method and the piezometer method. The auger-hole method
involves the construction of a cavity below the water table with a
minimum of soil disturbance. The cavity is allowed to fill with water
and is subsequently pumped out several times until any puddling effects
caused by augering out the cavity have been eliminated by the inseeping
water. The piezometer method is based on the measurement of flow into an
unlined cavity at the lower end of a lined hole.
The field methods for measuring K in-situ above or in the absence of
a water table include the shallow well pump-in technique, the cylinder
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perraeameter method, the infiltration gradient techniques, the air-entry
perraearaeter (Topp and Binna, 1975), and the double-tube method (Bouwer
and Jackson, 1974). With all techniques, the soil should be as close to
saturation as possible for the conductivity measurement, and clogging of
pores where water enters the soil should be minimized.
3. Comments
In the last 50 years a number of in situ methods have been developed
to measure the soil saturated hydraulic conductivity. Some of these are
discussed above. Numerous literature citations are available in this
context. Several monographs have discussed them in detail (Bouwer and
Jackson, 1974; Boersma, 1965; and IQute, 1965). These techniques have
been used with varying degree of success and suffer from various
theoretical and practical limitations. The most important of these
limitations include low accuracy, complex and unreliable equipment, large
time and water requirements per measurement and the need for two or more
skilled operators (Elrick et al., 1984).
Recent development in this field which include introduction of new
equipment for measuring the in situ hydraulic conductivity in the vadose
(unsaturated zone or zone of aeration) zone, have removed some of the
limitations encountered previously. Velocity Permeameter (Merva, 1986)
is a new and imique method of determining the hydraulic conductivity of a
porous soil medium. The technique is based on monitoring the rate of
fall of a water column utilizing instrumentation capable of timing to
0.001 second, and using the information thus obtained as input to a
16
computer program to obtain the hydraulic conductivity. The mechanics of
the instrument is based on estimating the rate of water entry into soil
contained within a coring device. Another recently developed technique
is the Guelph Perraeameter (Elrick et al., 1984). The Guelph Perraeameter
aieasures the steady-state rate of water flow out of a shallow,
cylindrical well (e.g., an auger hole) in which a constant depth of water
is maintained. It has successfully removed many of the practical
limitations of the constant head well perraeameter method, also kno\-m as
the shallow well pump-in method (Elrick et al., 1984).
17
III. MATERIALS AND METHODS
A. Investigation. I - Tillage and Traffic Effects
1. Location
The experimental area was located at the Agronomy-Agricultural
Engineering Research Center, five miles west of Ames in central Iowa.
This area had established plots from the past years (1983-85) and had a
known history of tillage and no-tillage treatments. The major soil
type at the study site was Clarion loam soil (fine loamy, mixed, mesic
typic hapludolls) of the Clarion-Nicollet-Webster Soil Association.
Table 1 gives particle size and organic matter constituent of the soil
at the experimental site (Kanwar et al., 1985).
Table 1. Particle size and organic matter of Clarion-Nicollet
loam soils (Kanwar et al., 1985)
Depth
Particle size
(in millimeters)
sand silt
2-0.05 0.05-0.002
clay
<0.002
Organic
matter
cm % % % %
0-15 47.3 29.8 22.9 4.8
15-30 42.9 29.4 27.7 3.7
30-45 44.8 28.1 27.1 2.2
45-60 46.9 27.8 25.3 1.7
60-90 44.8 31.1 24.1 0.7
90-120 45.1 34.4 20.5 0.3
120-150 49.6 33.5 16.9 0.1
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2. Tillage Treatments
Two different tillage-treatments established were the chisel plow
and no-tillage systems (Figure 1). There were twelve plots each 55m
long with an average width of nine corn rows at 0.76m centers.
a. Chisel plow system A chisel plow, 4,56m wide with 7.6cm
twisted points pulled by a two wheel drive tractor, was used. Plots
were plowed twice in the same direction to a depth of 15-20cm on the
same day. A chisel plow is a tillage tool wliich inverts very little
soil, and much of the crop residue and many large clods of soil remain
on the soil surface.
b. No-tillage system In this system, there is no longer any
turning and loosening of the soil material with tillage. Plant
residues are left on the soil surface where they form a mulch cover.
Only disturbance of the soil is due to planting and cultivation in no-
tillage systems.
3. Traffic Treatment
Compaction was carried out by driving a standard two vdieel drive
tractor with single rear wheels and a tread width of 152cm (John Deere
4020). The rear axle load of the tractor was 30kN. The tractor was
driven over the designated inter-rows to obtain the desired compaction
before chiseling or planting. The standing stalks from the previous
crop helped locate the inter-rows to be compacted. To amplify the
compaction effects, it was decided to compact twice for each chiseling
19
Figure 1. Two different tillage-treatments established were the
chisel plow and no-tillage systems
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and planting operation schedule in the plots. From all the operations
including the passes, chiseled plots received ten traffic passes,
whereas there were four passes In the no-tillage trafficked plots,
4. Sampling Equipment
a. Velocity permeameter Tillage and traffic effects on
hydraulic conductivity were measured in-situ by using a new instrument
called Velocity Permeameter (Figure 2). The system includes (Figure 3)
a pressure tank to force the water into the permeameter, three corers
of different sizes to be used according to the soil condition (Figure
4), and a driver for vertical measurements or a screw for horizontal
measurements. There are three tubes inside the permeameter. Only one
of these is used for reading, namely, the head tube. In the fill
position, F, all three tubes are filled with water. The filling occurs
after water has filled the core device and has backed up into the head
tube. At indicator position AA., all three tubes supply water to the
soil. The effect of all three tubes is as though the head tube alone
were 1/2 inch in diameter. In position BB, the largest tube is shut
off and only two tubes remain giving an overall effect as though the
head tube were a 1/4 inch diameter tube. Finally, in position CC, only
the visible head tube remains to supply water. This tube is 1/8 inch
in diameter.
This measurement technique is based on monitoring the rate of fall
of a water column utilizing instrumentation capable of timing to 0.001
second, and using the information thus obtained as input to a computer
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1. Indicator
2. Head tube scale
3. Hole for filling water
4. Outer tube
5. Driver
6. Coupler
7. Soil Corer
Figure 2. Schematic of the Velocity Permeameter
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Figure 3. Velocity Permeameter (1), Vertical Driver (2), Horizontal
Driver Screw (3), Smaller Corer (4), Medium Corer (5),
Large Corer (6) and the Pressure Tank (7)
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program to obtain the hydraulic conductivity. AHewlett Packard 41CX
(Figure 5) hand held calculator equipped with timing module and an
expanded memory module was used along with a Hewlett Packard Printer.
The Velocity Permeameter measures the intrinsic permeability of a
porous medium, an exclusive property of the porous medium, depending on
the total porosity, the distribution of pore size and tortuosity — In
short, the pore geometry of the soil.
The Velocity Permeameter is based on the first order differential
equation,
V - -K W
3s
where:
V ™rate of change of flux (or velocity) of water passing through
the medium.
h "• head of water causing flow.
s " distance through which the head causing flow is dissipated.
K " the hydraulic conductivity measured in the direction of flow.
Laminar flow is assumed for a uniform oiedium, become approximately
3s
constant. The negative sign occurs because the slope of h vs s is
negative. Then by performing a differentiation with respect to head,
h, and rearranging:
K - a (5)
3h
This indicates that the rate of change of flux (velocity) with respect
to head, 3v, is a constant value, which, when multiplied by the
9h
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Figure 4. Three soil corers of different sizes
Figure 5. Hewlett Packard 41CX calculator (middle) with timing and
expanded memory modules (left) and HP printer (right)
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distance through which the head is dissipated, s, equals the hydraulic
conductivity of the soil medium. The negative sign disappears because
V increases as h increases.
In the Velocity Permeameter, the velocity of fall of a column of
water in a head tube is utilized for the calculations. By choosing
different combinations of head tube and soil core diameters, the rate
of change of velocity is brought within the range at which it can be
measured by timing the fall of water through the fixed increments of
distance measured from the head tube scale.
Merva (1986) explained the theory. Let Ah be Che chosen increment
of distance on the head tube scale, and At be Che time required for the
column of water to fall through the distance Ah- Then the velocity of
fall is:
V - ^ (6)
At
Successive determinations of At for a given Ah allow determination of
the rate of change of velocity with head as:
Ah - Ah 1-1
^ At^ Atj
Ah ^ ^
The increment of head. Ah, is held constant. It can be deduced that,
if a sequence of Av/Ah estimates are made, then the i^^ estimate is:
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1 - 1
^ti (8)
i - (i-1)
The velocity permeameter uses the above concept with a linear least
square curve fitting approach to estimate the slope 8v/3h.
An observer manually activates a stop watch to enter the time
elapsed during which a falling water column passes through the
increment Ah. (Chosen increment of distance on the head tube scale.)
The calculator program then determines the quantity 1/At (At is the
time required for the column of water to fall through the distance Ah)
and, when a complete sequence of times have been entered, the
quantities l/At^ are fitted as a linear least square function of i and
the slope Av/Ah is calculated from the fitted curve. A s^ple of the
computer printout is given in Appendix H.
b. Tensiometer Soil moisture tenstion measurements were done
with tensiometer installed in the soil (Richards, 1965). The essential
parts of a tensiometer are the porous ceramic cup, the connecting tube,
and the rubber cup for opening to fill with water, A pressure
transducer with digital indicator (Figure 6) was used to measure the
matric potential.
c. Electronic Thermometer A sophisticated precision digital
thermometer (Figure 7), based on the 8048 single-chip microcomputer,
was used for measuring the temperature of the soil at required depths.
A steel probe connected the sensor to the readout device.
27
Figure 6. Tensiometers (left) and pressure transducer (right)
Figure 7. Digital Thermometer (right), auger and containers (left)
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d. Penetrometer Penetration resistance was measured using a
hand held cone penetrometer equipped with a digital force gauge.
Length of the graduated shaft was 813nim with two inch interval marks
Slmrn apart. A. 30®, and 12.03mm diameter cone was used (ASAE Standard
S313.1).
e. Core Sampler Soil samples for bulk density measurements were
taken with a 7.6cm diameter core sampler (Buchele, 1961). Soil bulk
density is the ratio of the mass to the bulk or macroscopic volume of
the soil. The mass was determined after drying to constant weight at
105*^0, and the volume was that of the samples as taken in the field
(Blake, 1965).
5. Experimental Desi^^n
A complete randomized split-plot experimental design of a 2 x 2
factorial experimental design was used. Treatments were randomly
assigned to twelve main plots and three depths were randomly assigned
to subplots within each main plot (Table H.2). The four treatment
combinations were replicated three times in a completely randomized
fashion. The factors of traffic and tillage were studied at three
depths (15, 30 and 45 cm) to Investigate the effects of tillage and
traffic on soil hydraulic conductivity (Table H,3). Duncan*s test of
significance was utilized whenever a significant F statistic was found,
to test for significant differences between treatment means (Snedecor
and Cochran, 1980).
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6. Data Acquisition
Hydraulic conductivity data were collected three times from
Spring 1986 to Fall 1986, namely before planting, after planting, and
before harvesting. In addition to hydraulic conductivity readings,
soil moisture content, penetration resistance, soil matric potential,
and soil temperature measurements were taken at two different locations
in each treatment plots at three depths (Figure 8), A.11 data were
collected from 15cm, 30cm, and 45cra depths. Since Wang et al. (1985);
McKyes et al. (1977); and Voorhees et al. (1978) reported effects of
compaction up to 45-50cm soil depth on structural degradation, bulk
density, and penetroraeter resistance respectively, it was decided to
collect data in this study only upto 45cm depth.
7. Procedure Description
This experiment was conducted on established plots where
controlled traffic studies in corn plots were carried out in the years
1984, 1985 and 1986 (Sial, 1987). The plots were in continuous corn.
To study any carry-over effects, the first set (Set 1) of reading
was taken in May, 1986 before planting. Compaction was then carried
out by driving a John Deere tractor (Model 4020) with a wheel tread
width of 152cm over the areas to be sampled. Chiseled plots were
tilled twice to a depth of 20cm on the second and third day after
compaction. Following the compaction and tillage operations, corn was
planted with a six-row John Deere planter. Planter wheels followed in
the tractor wheel tracks. From all the operations, including idle
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Figure 8. Sample plot layout, showing the location where the hydraulic
conductivity, penetration resistance, moisture and tension
measurements were taken for each set
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passes, chiseled plots received ten traffic passes, whereas there were
four passes in the no-tillage trafficked plots. The second data (Set
2) set was taken in June, one week after planting. A third set (Set 3)
of readings was obtained in the first week of September 1986, prior to
harvesting.
a. Hydraulic conductivity For this study only vertical
hydraulic conductivity ateasurements were taken. Bore holes were made
to the required depth with a 7.62cm diameter auger. The permeameter
core "M", 7.6cm in diameter was used. This was driven about 2cm into
the soil, then the tube was rocked to cause the soil to "break" away
for removal of the core with the soil. This action leaves an
undisturbed soil surface where the core was removed. Figure 9 shows
the permeameter after being reinserted into the same core hole and then
being driven into the soil about 4cm (depending on soil type). This
distance of penetration was entered into the calculator. If distance
is entered in centimeters, the resulting estimate of hydraulic
conductivity is in centimeters per hour.
The Hewlett Packard 41CX calculator, equipped with an expanded
memory module and timing module, was used. It was initialized
according to the HP instruction manual. Cards were inserted Into the
card reader until all nine sides had been read. An HP thermal printer
was attached to the calculator to obtain a printed record of the data
and calculated results (Table H.I.).
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Figure 9. Installation of Velocity Perraeameter in the field
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Before running the program, location identification (Site 1),
direction of the hydraulic conductivity measurement, (H, V), position
of the indicator (AA.), size of the core (M), and the core length (4cm)
were entered into the calculator. The core and the permeameter tank
were filled completely with water, while keeping the indicator on top
of the premearaeter to position "F". After filling, the indicator was
turned to position "AA" and the rate of fall of water in the head tube
was observed. Any convenient increment on the head tube scale was
chosen, (the distance water can travel within 2-3 seconds) and the fall
of the water column was timed successively for up to ten increments.
The program calculates the value of the hydraulic conductivity as well
as the value. Runs were repeated until an increase in hydraulic
conductivity was noticed. This would occur when the wetting front had
passed through the length of soil within the soil core and had escaped
into the soil mass. The minimum value of hydraulic conductivity
obtained during the series of runs would be the value for the site
chosen (Figure H.3). Readings were taken in the two rows within the
plot, at the three locations within the row, and in three places at
each location for the determinations, seasons, and the depths
respectively (Figure 8).
b. Matric potential Six tensiometers were installed at two
locations in each plot for three depth variations. Tension data were
collected using the pressure transducer and tensiometers, to accompany
each set of hydraulic conductivity reading.
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c. Temperature Temperature readings were recorded at 15, 30
and 45 cm depth at two locations in individual plots. Readings were
taken at the same location or in the same hole created for installing
the permeameter.
d. Penetration resistance Readings were taken close to the
hole made for conductivity measurements. Three penetration resistance
readings for each depth at two locations were taken.
e. Moisture content Soil water content was measured
gravimetrically by taking soil samples at each depth and location with
a 7.62cm diameter auger. The samples were placed in airtight boxes and
carried to the laboratory for analysis. The samples were oven dried at
105°C for 24 hours for determining the moisture content on the dry
basis. The moisture content was computed using the following formula:
~
Pw = X 100
where:
P^: percent moisture content on the dry weight basis.
mass of wet soil.
Wo(i = mass of oven-dry soil.
f. Bulk density Bulk density measurements were made 60 days
after planting by using the core sampler. Samples were collected in
5cm increments to a depth of 30cm at two locations for each treatment.
The core sampler extracted a soil column which was then sectioned and
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placed Into the airtight boxes. The samples were then oven dried at
105°C for 24 hours to obtain the dry weight of the samples.
BD = Wod/Vt
whe re:
BD dry bulk density of soil, Mg/m^.
Wq^ = mass of oven dry soil, Mg.
= total volume of undisturbed sample, m^.
B. Investigation II - Comparison of Permeameters
Field experiments were conducted to evaluate the performance of two
recently developed in-situ techniques to measure saturated hydraulic
conductivity (K). These two techniques are: (1) the constant-head well
permeameter method using the Guelph Permeameter and (2) the falling-head
perraeameter method using the Velocity Permeameter. K was measured on a
silt loam soil at eight sites and for four different depths (15, 30, 45,
60cm) at each site by using these two techniques. K determinations were
also made in the laboratory by using a constant head permeameter on
undisturbed soil columns collected from all test sites and depths.
1. Location
The experimental area was located at the Agronomy-Agricultural
Engineering Research Center. These plots also had a known history of
tillage and no-tillage treatments. The soils are from Clarion - Nicollet
- Webster Soil Association. Plots were in continuous com. Figure 10
shows the site and the instruments being used for the comparison on
tillage and no-tillage plots.
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Figure 10. Instruments being used for comparison
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2. Sampling Equipment
a. Guelph Permeameter Is used for measuring the field-
saturated soil hydraulic conductivity above the water table. It works on
the constant head well pernieanieter method. The permearneter is an in-
hole Mariotte bottle" (Talsma and Hallam, 1980) constructed of two
concentric acrylic tubes, where the inner "air-inlet" tube provides the
air supply, and the outer tube provides the water reservoir and the
outlet into the well (Figure 11). The air-inlet tube is Inserted through
the other tubeCs) via a sliding, airtight seal in an airtight removable
cap, fixed to the top of the reservoir. Water flows out of the outlet
tube through a funnel-shaped port located immediately above the
permeameter tip. The permeameter tip is a perforated section of outlet
tube. The perforated section reduces the turbulence of water flow out of
the permeameter and thereby reduces erosion of the sides of the well
during the initial filling to the steady water level. A tripod assembly
is provided to hold the permeameter steady and upright in shallow wells.
It consists of a tripod base with moveable tripod bushing and three
detachable tripod legs complete with end tips (Figure 12).
Guelph permeameter works on the basis of the well known technique
commonly called the constant head well permeameter (CHWP) method, also
known as the shallow well pump-in method or the dry auger hole method.
The CH\JP method estimates Kfg (Field saturated hydraulic conductivity) by
measuring the steady-state rate of water flow out of a cylindrical well
in which a constant depth of water (H) is maintained. The Kfg value has
traditionally been calculated using the relationship (Talsma, 1960).
' E-
e
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1. Air-inlet Cube
2. Outer tube
3. Measuring scale
A. Tripod
5. Well
6. Permeameter tip
7. Water height
Figure 11. Schematic of the Guelph Permeameter
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Figure 12. Guelph Permearaeter installed in the field
40
2ttH2
where
Kfa " field saturated hydraulic coaductivity.
Qt " steady flow rate out of the permeameter and therefore out of
the well.
H * steady depth of water in the well.
a " well radius.
C " proportionality constant equal to 2.0 for H/^ ® 10 aiid equal
to 1.3 for H/a ® 5.
The C factor is a numerically simulated shape factor which is
dependent on the well radius a and head H of water in the well. The C-
value curve for different soils are provided in the instruction manual of
the Guelph Permeameter.
Reynolds et al. (1983) included the effect of gravity and estimated
C-values by more accurate numerical procedures, resulting in the
relationship
CQt (12)
^fs
27TH
where
1 + C
2
C - 3.3 for H/a = 10 and C => 2.2 for H/a = 5
Further developments have resulted in other working equations for
the calculation of Kfg while using the CHWP method for the Guelph
Permeameter. These are outlined on the following page.
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1) Laplace equation:
Kfa ' BQ
where
Q - AR
R " constant rate of fall (cm/sec)
and _ C
B
2tth2
(13)
Where A " annular cross-sectional area between reservoir tube and
air-inlet tube.
C " proportionality constant = 1.61.
ii) Simultaneous equations approach:
Kfg - G2Q2 - GiQl (U)
where H1C2.
it(2HiH2[H2-Hi] + [H1C2 - H2Ci ])
Gi = H2Ci\
H1C2
Ci, C2, Hj, H2 ® crossponding proportionally constants and the
steady depth of water in the well explained
before.
iii) Least Squares approach;
i" CQ('^ 1®! , 21 1-1 11 V—+ Hj/
IS • -
2r i=l ^ i=I '^4^. «i
2 \
i-1
i i^i
r" H, (c1 i
i-1 ^ ^ 2
2 '')]
+ H
if
(15)
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where a ® number of H-levels
Ci ® corresponds to Hi/a.
b. Laboratory arrangements A, simple apparatus for measurement of
conductivity of saturated samples by the constant-head method was used as
explained by Klute (1965). The apparatus may be arranged to hold a
number of soil cores in a row.
3. Procedure description
The experimental site for the permeameter measurements was selected on
the Agronomy-Agricultural Engineering Research Center, five miles west of
Ames, lA. This site was chosen for a number of reasons, namely the
availability of the area, known history of no-till and conventional
tillage practices, and knowledge of the soil physical and chemical
properties (Table 2).
The experimental area was subdivided into six experimental units.
Data were collected in the summer of 1987, after the com planting was
done, at two randomly selected locations in the plot. Readings were
taken at four depths, 15, 30, 45 and 60 cm for each permeameter, and for
the laboratory tests.
a. Velocity Permeameter For the Velocity permeameter both
horizontal and vertical conductivity data were collected at each depth.
Installation of velocity permeameter for the vertical reading has already
been discussed taken at four depths, 15, 30, 45 and 60 cm for each
permeameter, and for in the first part of this section. For the
horizontal conductivity determination, a trench of approximately 90cm by
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Table 2. Physical properties of the soil
Depth Sand Co-Silt Fi-Silt Clay CM
Site (2-0.05ram) (50-20u) (20-2y) <2u %
cm % % % %
1 0-15 43.6 16.3 17.7 22.4 4.1
15-30 37.0 16.5 20.0 26.5 3.7
30-45 39.0 15,6 19.5 25.9 3.0
45-76 43.6 14.6 17.6 24,2 2.0
76-122 54.2 12.1 13.1 20.6 0.6
2 0-15 40.4 16,4 19.9 23.3 4.4
15-30 34.4 17.1 22.8 25.6 4.4
30-45 29.2 17.4 24.2 29.2 3.4
45-76 32.3 16.0 23.7 28.0 3.2
76-122 51.9 11.1 14.0 23.0 0.4
60cm and 75cm deep was dug to properly install the instrument (Figure
13). For the lateral measurement, the elbow had to be attached to the
appropriate core using the quick coupler. The elbow and core were
positioned so that the bleed cock on the cork was upright. It was
recommended that the core be driven into the soil to the desired depth
before the remainder of the permeameter was attached to the elbow. The
remaining steps are similar to those for the vertical measurement method
discussed earlier.
b. Guelph Permeameter Before making a measurement with the
Guelph Permeameter in the field, it is necessary to prepare a well hole,
which needs special attention. The tools needed for excavating and
preparing a well bore-hole were included in the permeameter kit. They
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Figure 13. Permeameter installation for measuring horizontal
conductivity at four depths
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consist of a two-piece handle, and three interchangeable auxiliary tools
which connect to the handle by means of the quick connect fitting.
Instructions are to "auger the hole by rotating the handle in a clockwise
direction while applying steady, somewhat firm downward pressure on the
handle." The sizing auger was used as a finishing tool to produce a
proper sized well hole of uniform geometry and to clean debris from the
bottom of the well hole. To scour the smear layer, which may be created
during augering and which can block the natural flow of water out of the
well into the surrounding soil, the well prep brush was used. The brush
was attacted to the auger shaft and was first pushed into the well hole
and all the way to the bottom. The brush was then pulled straight up and
out of the well hole. After assembling the permeameter and mounting it
in the tripod, it was filled with water. Instructions for preparing the
instrument for use were followed.
After the permeameter had been assembled, filled, and placed in the
prepared well hole, the reading procedure was carried out following the
manufacturer's directions. The head was established at 5cm. The rate of
fall of the water level in the reservoir for fixed time intervals was
observed. The differences of readings at consecutive intervals, divided
by the time interval, equaled the rate of fall of water, R, in the
reservior. Monitoring of the rate of fall of water in the reservoir was
continued until the rate of fall did not significantly change in three
consecutive five minute time intervals. This rate is called R^, and is
defined as the "steady state" rate of fall of water in the reservoir at
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Then the air inlet tip was raised to establish the second well head
height of LO cm (H2)> and the procedure was repeated as above (Table
H-4.)
The field saturated hydraulic conductivity Kfg and matric flux
potential ^ m were then calculated by using the following equations.
When using both reservoirs:
Kfg =• (0.0041) (X) (R2) - (0.0054) (X) (Ri) (16)
m=• (0.0572) (X) (Ri) - (0.0237) (X) (^2) (17)
When using the inner reservoir
Kfg - (0.0041) (Y) (R2) - (0.0054) (Y) (R2) (18)
0 m " (0.0572) (Y) (Ri) - (0.0237) (Y) (R2) (19)
where
X = reservoir constant used when the reservoir combination is
selected.
Y ® Reservoir constant used when the inner reservoir only is
selected.
c. Laboratory determinations Undisturbed soil samples were
collected at all four depths in the metal cylinder, the cylinders then
served as retainers for the soil in the conductivity determination.
Samples were then brought into the laboratory, after covering one end of
each sample with a circular piece of cloth held in place with a rubber
band. The samples were placed cloth covered ends down, in a tray filled
with water to a depth just below the top of the samples. They were
allowed to soak at least 16 hours, or longer if not completely saturated.
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Empty cylindrical sample holders were connected to the top of each
sample. After placing a small piece of blotting paper on the top of each
sample, water was poured into the upper cylinder until it was one-third
to three-fourths full. Samples were then transferred to the rack and the
siphons were started to maintain a constant head of water on the sample.
After the water level on top of the sample had become stabilized, the
percolate was collected in a beaker. The volume of water Q that passed
through the sample in a known time was measured. The hydraulic head
difference Afi and the temperature of the water were measured also. Then
the hydraulic conductivity was calculated by the use of
K =• (Q/AtXL/AH) (20)
where
A ® cross-sectional area of the sample.
L " length of the sample.
Q = volume of water.
t = time
ah = hydraulic head difference.
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IV. RESULTS AND DISCUSSION
A. Investigation I - Tillage and Traffic Effect
The procedure for this investigation is given on pages 27-29, The
data for hydraulic conductivity under tillage and traffic with depth
variations for before planting, after planting and before harvesting are
given in Appendix A. Data for the remaining parameters are given in
Appendices B through F, The analysis of variance tables obtained using
PROC GLH programs are presented at the end of each of the appendices.
Tables of means and the graphical presentations are included In the text
for discussion.
1. Tillage
The first set of measurements was taken before tillage, compaction
and planting, to observe the carry over effect from the 1985 season. TI^
hydraulic conductivities for treatments for different seasons are shown
in Tables 3 to 5. The factor "tillage" was found ••nsignifleant
-S.T J
setr^f measurements. Mean values were higher in the no-till plots than in
the chisel plots in all cases. These values may be affected by the
number of compaction passes; ten passes for chiseled plots, but only
four passes in no-tillage trafficked plots. Also, the continuity of
macropores to the soil surface, e.g., insect burrows and old root
channels), which increases hydraulic conductivity, may be destroyed by
tillage.
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Table 3. Effects of tillage on mean soil hydraulic conductivity as
measured with the velocity permeameter
N Means
cm/hr
S.D.
cm/hr
c.v.
%
Set 1
(May 25, 1986)
No tillage 36 0.057^ 0.052 92
Chisel 36 0.036^ 0.041 114
Set 2
(June 17, 1986)
No tillage 35 0.059 0.047 79
Chisel 34 0.057 0.038 66
Set 3
(Sept. 1, 1986)
No tillage 36 0.043 0.056 116
Chisel 33
oI•/
0.035 78
^Walues of levels of each factor followed by different letters are
statistically different at 90 percent probability level.
It was also observed that before tillage, conductivity values were
low, but immediately after the tillage treatment values became higher.
In the third set of measurements values decreased again, possibly showing
the diminishing effect of tillage in the later part of the season.
Coefficients of variations ranged from 66-116% and were higher in no-till
plots, except for the first set of readings, probably reflecting the
presence of macropores and the higher variability of soil conditions in
no-till plots.
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The analysis of variance tables indicate that tillage-traffic
interactions were significant in the second set, but not in the first or
last. The second set of readings were taken after tillage and compaction
treatment applications were performed. No significant tillage and depth
interaction on hydraulic conductivity was found (Table A..4).
2. Traffic
Hydraulic conductivity values show no significant effect of the
traffic treatments. The mean values indicated a decrease in hydraulic
conductivity with traffic (Table 4) in all sets. Coefficients of
variation ranged from 66-104%. Traffic plots have shown more variation
than the no-traffic plot except in the third set. Figure 14 shows that
for the traffic treatment the no-till plots had higher conductivity at
each depth, and the differences widens at greater depths. A similar
result is shown in Figure 16 for set 2. However, in Figure 18 (set 3)
differences are uegligible, suggesting that with time, the tillage effect
diminishes. In no-traffic plots, the chisel treatment showed higher
hydraulic conductivities than did the no-till plots (Figures 15, 17, and
19). Almost the same trend was observed for depth as for the traffic
treatment. In the trafficked and chiseled plots (Figure 20) set 2 (June
17) had the highest conductivities, followed set 3 (Sept. 1) and set 1
(-^S«:^7). The second set of readings, which was taken inmediately after
application of the treatment, reflects that traffic does affect the
hydraulic conductivity of the soil at 15cm, where as, it has highest
values at 30 and 45cm. Results from the traffic with no-till plots are
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Table 4. Effects of machinery traffic on mean soil hydraulic
conductivity
Hydraulic Conductivity
N Means
cm/hr
S.D.
cm/hr
C.V.
%
Set 1
(May 25, 1986)
Traffic 36 0.041 0.04 104
No-traffic 36 0.051 0.05 101
Set 2
(June 17, 1986)
Traffic 34 0,061 0.05 78
No-traffic 35 ^0.064"^ 0.04 66
Set 3
lo€
(Sept. 1. 1986)
Traffic 36 0.039 0.04 91
No-traffic 33 0,049 0.05 102
shown in Figure 21. Again set 2 has lower valued at 15cm but higher*
i
^ '^^ i^set 1 and set 3 at 30 and 45cm. In the no-traffic^ with chiseled
plots (Figure 22) set 1 has the highest^ conductivity^ followed by set 2
A
and set 3. Similarly for no-traffic with no-till (Figure 23) set 1 is
highest followed by set 2 and set 3 for the two shallower depths.
The traffic and depth interaction showed a significant effect only in
set 2. Tillage with traffic significantly reduced the hydraulic
7conductivity in all three sets. Traffic had no effect on hydraulic ^I /
Ui,-/ "•^1- ^ J ^
conductivity in tha no-til'lase i• l g plots. Coefficient of variation values
from treatment combinations varied from 66 to 104%.
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Figure lA. Hydraulic conductivity of chiseled and no-till plots for the
traffic treatment (SET 1, May 25, 1986)
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Figure 15. Hydraulic conductivity of chiseled and no-till plots for
the no-traffic treatment (SET 1, May 25, 1986)
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Figure 16« Hydraulic conductivity of chiseled and no-till plots for
the traffic treatment (SET 2, June 17, 1986)
%
J
•
e
a
I
f
S«« 2
0.19 -]
0.17 -
e.it -
0.1 • -
0.14-
o.ta -
o.ia -
0.11 <
0.1 -
o.ot -
o.ot -
0.0B7
Ise 1
0.07 -
0.00 -
0.00 -
0.04 -
0.0
0.098
no-clU
0.09 ^
0.02
0.01 -I
0 -
0.029S
1 1 r 1 r — —1 1
10 20 SO
Dvpth (am.)
40 90
Figure 17. Hydraulic conductivity of chiseled and no-till plots for the
no-traffic treatment (SET 2, June 17, 1986)
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Figure 18. Hydraulic conductivity of chiseled and no-till plots for
the traffic treatment (SET 3, Sept. 1, 1986)
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Figure 19. Hydraulic conductivity of chiseled and no-till plots for
the no-traffic treatment (SET 3, Sept. 1, 1986)
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Figure 20. Effect of season on hydraulic conductivity in the trafficked
and chiseled plots
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Figure 22. Effect of season on hydraulic conductivity in the
non-trafficked chisel plots
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3. Depth
Depth had a highly significant effect on hydraulic conductivity at
each traffic and tillage level. Hydraulic conductivity increased
significantly with depth, in an increasing order from the 15 to 45cm
depths in all plots. Figures 14 through 21 all show that the
conductivity increased with depth. Variations between the treatments
(Table 5) were greatest at 15cm (CV 70-116%), followed by the 30cm (CV
53-92%) and by the 45cm depths (CV 20-80%). This may show that there is
little effect of tillage and traffic at depths greater than 30cm. Table
A.4. shows a highly significant traffic and depth interaction in set two
immediately after the treatment was applied, some effect in set three,
and no effect in set one. Tillage and depth interaction had no effect in
any of the three sets.
Tillage and no-tillage with traffic showed significantly higher
conductivities at the 45c(n depth when compared with the 30 and 15cni
depths. This may indicate that the wheel compaction had no effect beyond
the 30cm depth (Table 5). Kayombo and Lai (1986) reported that moderate
and heavy traffic significantly reduce the saturated hydraulic
conductivity in the 0-15cm depth layer. In the tillage and no-tillage
with traffic plots, considerable differences were observed at 15cm
compared with 30 and 45cm (Figures 20, 21). Conductivity values were
higher in the tillage plots than in no-till plots at all depths.
Further, it was observed that the tillage with traffic plots showed
values which may indicate the presence of a plow pan at the depth of 30cm
(Figure 14).
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Table 5. Effects of depths on soil hydraulic conductivity
* Hydraulic Gonductivity
Set 1
(May 25, 1986)
Depth 15cm
30cm
45cm
Set 2
(June 17, 1986)
Depth 15cm
30cm
45an
Set 3
(Sept. 1, 1986)
Depth 15cm
30cm
45cm
N
24
24
24
22
23
24
23
23
23
Means
cm/hr
0.036b
0.042b
0.062^
0.024<^
0.056^
0.092a
0.039°
0.041^
S.D.
cm/hr
0.04
0.04
0.05
0.02
0.03
0.04
0.05
0.04
0.04
C.V.
%
116
92
€)
70
53
48
132
88
80
^b^Values of levels of each factor followed by different letters are
statistically different at 90 percent probability level.
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4. Moisture Cotitent
The soil moisture coatent data were recorded for all sets along with
the coaductivity measurecaeats. The data are shown ia Appendix B and the
toean values of the percent soil moisture contents are summarized in
Table 6.
Soil moisture measurements were taken adjacent to the locations where
the hydraulic conductivity measurement was done. No consistent
statistical differences between the moisture contents of the two tillage
and two traffic levels could be found, but the effect of depth on soil
moisture was highly significant in all the treatment plots. Moisture
content showed an increasing trend with depth. This moisture gradient
developed due to evaporation near the soil surface. The evaporation
effect was most noticeable in set two, with 23% moisture content in the
newly tilled soil compared to 27% in no-till. Similarly, in the same set
of data, nearly 21% moisture content was observed at IScin, whereas, the
moisture was 33% at 45cm. Table 6 shows that no-till plots ^lad slightly
higher moisture contents than the chiseled plots. Similar results were
obtained by Sial et al. (1986) and Sial (1987) in these plots. Kanwar
(1986); Johnson and Grisso (1984); and 3Levin et al. (1977) also reported
higher moisture contents in the no-till plots. Comparing the compaction
effects, trafficked plots had slightly higher moisture contents.
Moisture content generally increased with depth, but in sets one and
three the moisture contents were the same at 30 and 45cra depths. The
coefficients of variation were highest for set two (15-65%), followed by
set three (3-11%) and set one (8-9%). Traffic and tillage treatiaenCs
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showed higher moisture contents inmediately after the treatments, and the
moisture decreased later in the season* The last set showed lower
moisture content in all treatment combinations, perhaps due to the dry
season of 1986.
Moisture content showed no significant effect on hydraulic
conductivity in the covariance analysis. But the low values in set three
and higher values in sets one and two (Table 6) correspond to the low
values in hydraulic conductivity in set three and higher values in set
one and set two (Table 3-5) in all treatment combinations. The average
moisture content was highest in set two followed by set one and set
three.
5. Soil Temperature
Soil temperature data were also recorded for each depth and location,
where conductivity data were collected. Data are shown in Tables 1
through Table 3 in Appendix C, and the summarized data are shown in Table
7. Statistical analysis showed significant differences in temperature
with depth variation, but not with tillage and traffic (Table C.4.).
Temperatures were found to decrease with increasing depth. Temperatures
in chiseled plots were higher than in the no-tillage treatment plots
(Table 7). Similarly, trafficked plots showed higher temperatures
compared to no-trafficked plots. It was observed that the soil
temperature at each depth varied only slightly among the treatments
studied, although the average values were higher in set two than in set
three and set one. Set two also showed less variation between individual
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plots and between the treatments (CV 4.39—11.54%). In set one the
variation of the mean temperatures between treatments was 3.2 degrees
Celsius and the maximum temperature variations between the plots (Table
1, Appendix C) was 5.3 degrees. It Is important to notice (Tables 3-7)
that the set of readings taken after the treatment applications show
higher values not only of hydraulic conductivity, but also of soil
moisture content and the soil temperature.
6. Penetration Resistance
Soil penetration resistance measurements were taken close to the
holes where hydraulic conductivity data were collected. These data are
listed in Tables 1, 2 and 3 in Appendix D. Summarized data are given in
Table 8. The main effect of tillage was not statistically significant in
one of the sets, but the main effect of traffic was found significant in
the set of readings taken after the treatments were applied. Dickey et
al. (1982) also reported no significant effect of tillage on penetration
resistance beyond the lOcm soil depth. Table 8 shows that soil
penetration resistance was lowest in set one for all tillage, traffic and
depth levels, and then increased in set two and in set three. Sets one
and three had lower mean penetration resistance values for the no-till
plots than were observed in set two. Higher values of mean penetration
resistance in no-till plotes for set two were in agreement with the
findings of Sial (1987), Dickey et al. (1982), Radcliffe and Hargrove
(1985); and Negl et al. (1981). Set one and set three did not show the
same trend, probably because the tillage effect diminishes with time.
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The average soil penetration resistance values in traffic and no-
traffic plots were 1608kPa and i350kPa respectively. In set two
differences were 393kPa which was statistically significant. The
traffic-depth interaction was also found significant. The effect of
depth on penetration resistance, comparing all three data sets did not
show any consistent results. The coefficient of variation was 12 to 31%
in all treatment combinations. The main effect of depth on penetrometer
resistance was highly significant in set two, and showed an increasing
trend with depth (Table D.4). This is in agreement with Sial (1987);
McKyes et al. (1977); Negi et al. (1981) and Soane et al. (1982).
7. Matric Potential
Matric potential data for tillage and traffic treatments before
planting, after planting and before harvesting were taken at three depths
and at two locations within the treatment plots. Appendix E gives the
raw data, and the summarized values are given in Table 9. Matric
potential data were collected by the installation of tensiometers at
depths of 15, 30 and 45cm. Analysis of variance showed a little effect
of traffic only in set one and no significant effect of tillage on matric
potential. Matric potential did vary significantly with depth, except in
set three. Least squares comparisons of means showed significant
differences among all three depths in sets one and two, but in set three
differences in matric potential were not significant. Table 9 indicates
that the matric potential increased with decreasing of depth in all
treatments, except in set three. Coefficients of variation ranged from
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28-67% between treatments, and from 30-63% within depths. Tillage plots
had a greater range in coefficients of variation (49-70%) than did the
no-tillage plots (41-44%). Matric potential values were highest in set
three, followed by set two and set one. This was probably due to the dry
weather at the end of the season. In examining the effects of traffic on
matric potential, one sees that in set three values were lower in
trafficked plots and the reverse is true in set one. This may indicate
that the compaction decreased the larger pores and that the additional
smaller pores could retain more water, even in the dry weather condition
or at higher suction values compared to the no-trafficked plots.
8. Soil Bulk Density
In order to evaluate whether or not a change in bulk density could be
attributed to tillage and traffic, it was decided to determine the bulk
density once during the data collection season at one location of each
plot. This bulk density was calculated on a dry basis, and the data are
presented in Appendix F. The bulk density variations for treatment and
factor levels are shown in Table 10.
It can be seen in Table 10 that traffic plots showed a greater bulk
density change with no-traffic plots. Tillage and traffic were found to
have a statistically significant effect on soil bulk density. Depth was
also highly significant- Bulk density of the upper soil layer was
significantly less than the other depths. High values of dry bulk
density were observed in the 10-25cm depth of soil. Bulk density
increased with depth (Table F.l) for the treatments, tillage and traffic
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and the value at the plow pan level (at 20-30cm) showed that a plow pan
exists. The data also showed the influence of traffic on soil bulk
density. The depth by traffic interaction was highly significant (Table
F.2). The major differences in soil dry bulk densities with two tillage
systems were near the soil surface (Table F.l). The difference narrowed
at lower depths. No-tillage plots had significantly higher bulk
densitites than did the chiseled plots at the ten percent probability
level.
Table 10. Effect of tillage and traffic on mean soil dry density,
60 days after planting
Factor Level Dry/Density
(Mg/m^)
S.D.
(Mg/m^
c.v.
(Mg/m^)
Tillage No-till 1.41^ 0.148 10.50
Chisel 1.35b 0,271 20.09
Traffic Trafficked 1.45a 0.183 12.61
No-trafficked 1.32^ 0.233 17.69
Depth 0-5 1.12c 0.276 24.69
5-10 1.35b 0.270 20.08
10-15 1.4iab 0.160 11.36
15-20 1.48a 0.10 7.02
20-25 1.50a 0.11 7.89
25-30 1.4iab 0.10 7.45
^^^Values of levels of each factor followed by different letters are
statistically different at 90 percent probability level.
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B. Investigation II - Comparison of Permeameters
The field Investigations and supporting laboratory work were
conducted during the summer of 1987. The two instruments used were the
Velocity Permeameter (falling head) and the Guelph permeameter (constant
head) devices. Hydraulic conductivity was measured on a silt loam soil
at eight sites and for four different depths (15, 30, 45, 60cm) in two
tillage treatments plots, namely, no-till and conventional. Selected
soil chemical and physical properties were determined in the laboratory.
Particle size distribution (Table 2), bulk density, porosity, soil
moisture content and moisture tension relationships were determined
(Table G.4). Raw data are reported in Appendix G and the means of the
hydraulic conductivities are given in Tables 11 and 12 for no-till and
conventional till respectively. The experimental field had been in com
for the preceeding four years. Eight measurements of hydraulic
conductivity (K) were obtained at each site with each method, including
the laboratory method. The measurements were taken in an area of
approximately 64m2.
The hydraulic conductivity was measured in situ by using the
Velocity Permeameter, and the Guelph Permeameter. The vertical
conductivity was also determined in the laboratory with undisturbed soil
cores by using a constant head permeameter. The Velocity Permeameter was
used to measure both the horizontal and vertical K at each depth.
Vertical K measurement is explained in the previous chapter. For
horizontal K measurement, the only difference in procedure is to remove
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the driver and attach the driving screw (Figure 3) to the corer by using
the quick coupler and then sliding the corer to the desired depth. For
the horizontal K determinations, a trench of approximately 90cra by 60cm
and 75cm deep was dug to install the instrument properly.
The Velocity Permeameter (VP), Guelph Permeameter (GP), and the
laboratory determination on an undisturbed soil core taken from the field
(SC) were statistically compared within each site on the basis of mean
(x), standard deviation (SD), coefficient of variation (CV) and range (R)
of the hydraulic conductivity values. The mean K values for each of the
four methods were compared by applying Duncan's multiple range test
(Snedecor and Cochran, 1980). The x, R, CD, and CV values are given in
Tables 11 and 12. It is seen that a different pattern in the K values
was found with each of the four methods. The horizontal (VPH)
conductivity values were significantly higher than the vertical (VPV)
values below 15cm depth under both tillage systems and the ratio ranges
from four to nine in no-till (NT) and two to 24 in conventional tillage
(CT) plots. However, above 15cm depth, horizontal and vertical
conductivities were similar in conventional tillage. The soil texture
and dry bulk density data for each depth show no trend with depth. Table
2, suggests the absence of primary stratigraphy within the top 60cm of
the soil profile. But the larger horizontal K value seem to indicate the
presence of soil horizons and macropores extending in the horizontal
direction at the experimental site. Tillage effects have not been
observed in VPH and VPV, but horizontal conductivity values have
consistently been higher with either the tillage or no-tillage treatment.
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Table 11. Saturated hydraulic conductivity (K) determined by different
methods for four depths for no-till plots
Soil Depth Method^ n2 Mean, K Range SD CV Time^
(cm) (cm/hr) (cm/hr) (cm/hr) (%) (min)
0-15 GP 4 0.021^ .0005-0.067 0.031 149.9 56.5
VP(V) 4 0.018b 0.01-0.02 0.005 28.57 23.0
VP(H) 4 0.053^ 0.03-0.08 0.025 47.18 17.0
Lab 4 2.19^ 0.002-22.12 5.39 246,2 -
15-30 GP 4 0.227t> 0.02-0.612 0.260 116.23 41.3
VP(V) 4 0.040C 0,03-0.06 0.020 57.73 19.3
VP(H) 4 0.155^ 0.10-0,25 0.070 42,31 14.5
Lab 4 2.17a 0.33-11.44 3.11 142.96 -
30-45 GP 4 0.183^ 0.04-0.42 0.207 113.49 35.0
VP(V) 4 0.055c 0.05-0.06 0,006 51.64 13.0
VPCH) 4 0.220b 0.11-0.35 0.104 47,24 13.3
Lab 4 6.06a 0.22-15.96 5,17 85,26 -
45-60 GP 4 0,042c 0.015-0.061 0.020 46.69 35.3
VP(V) 3 0.023c 0.01-0.04 0.015 64.46 18.5
VP(H) 4 0.190^ 0.12-0.26 0.070 36.97 13.0
Lab 4 9.82a 0.09-29.07 9,85 100.35 -
^GP ® Guelph Permeameter; VP(V) " Velocity Permeameter for vertical
conductivity; VP(H) " Velocity Permeameter for horizontal conductivity;
Lab =• Laboratory method.
^Number of sites.
^Time taken for each in situ measurement.
abcvalues followed by the same letter are not statistically different
at the 5% probability level for that depth.
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The coefficients of variation for both horizontal and vertical K
measurements were nearly identical. Trouse (1971) reported that the
factors which significantly contribute to nonuniformity in a horizontal
plane of a field are: nonunlform moisture entry or capture due to
topographical or cultural variation; variation of soil type; variation in
depth of tilling and mixing of profile materials; the crisscross of
tracks of every operation performed during the current season as well as
during some past seasons; variations of compacting effort of the several
vehicles and cultural tools which crossed the field; and even the
variations within a particular path by a particular vehicle due to
topography changes, rocking and shifting of load, various degrees of
wheel slip, and the speed of each vehicle which passed through a field.
The mean K values of the pooled data obtained with the Guelph
Permeameter seem to lie between the horizontal and vertical mean K values
from the Velocity Permeameter (Figure 24). The same is also true for no-
till plots (Figure 25). However, in conventional tillage plots, Guelph
Permeameter values are higher than the horizontal K neasured with the
Velocity Permeameter (Figure 26). The comparison of means indicates that
the K value of the GP methods are not significantly different from the
horizontal K values, but are different from the vertical K values
obtained with the Velocity Permeameter for depths greater than 15cm in
no-till plots and greater than 30cm in tilled plots. Figure 24 shows
that the slope of the VPH vs depth line is about twice that of GP vs
depth. Figure 24 shows no change in VPV with depth. In situ field
determination of K by the Guelph Permeameter (GP) agreed favorably with
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Table 12. Saturated hydraulic coaductivity (K) determined by different
methods for four depths in conventional tillage plots
Soil Depth Method^ Mean, K Range SD CV Time^
(cm) (cm/hr) (cm/hr) (cm/hr) (%) (mln)
0-15 CP 4 0.141^ 0.094-0.169 0.041 29.14 30.0
VP(V) 4 0.047^ 0.01-0.09 0.04 86.6 22.5
VP(H) 4 0.048^ 0.01-0.10 0.039 81.31 18.8
Lab 3 4.15a 0.02-14.15 4.97 . 119.76 -
15-30 GP 4 0.086^ 0.02-0.22 0.091 106.52 37.5
VP(V) 4 0.043l> 0.01-0.10 0.04 92.9 20.8
VP(H) 4 0.105^ 0.04-0.47 0.075 71.48 13.8
Lab 3 3.12a 0.12-14.80 4.86 115.78 -
30-45 GP 4 0.293t> 0.06-0.79 0.335 114.3 37.0
VP(V) 4 0.043c 0.02-0.08 0.03 38.0 25.5
VP(H) 4 0.217b 0.11-0.30 0.083 37.98 11.0
Lab 3 5.86a 0.24-15.41 5.13 87.7 -
45-60 GP 4 0.399b 0.43-0.67 0.248 62.13 36.3
VP(V) 4 0.018*^ 0.01-0.02 0.005 28.57 25.5
VP(H) 4 0,255b 0.21-0.31 0.053 20.63 10.3
Lab 3 8.34a 0.04-27.0 7.74 92.82 -
^GP • Guelph Permeameter; VP(V) " Velocity Permeameter for vertical
conductivity; VP(H) = Velocity Permeameter for horizontal conductivity;
Lab = Laboratory method.
^Number of sites.
^Time taken for each in situ measurement.
®^*^Values followed by the same letter are not statistically different
at the 5% probability level for that depth.
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those determined by the Velocity Permeameter, VP (VPH for horizontal K
and VPV for vertical K) for 0 to 15cm and 15 to 30cm depths in
conventionally tilled plots and for 0 to 15cm depth in no—till plots.
Comparisons of mean K values determined by the GP and VP methods indicate
that the GP:VPV ratio ranges from 1,1 to 5.5 and that the GP:VPH ratio
ranges from about 1.2 to 4.8 in the 0 to 60cm soil profile under no
tillage. In conventional tillage plots, the GP:VPV ratio ranges from 2.0
to 22,0 and the GP:VPH ratio ranges from 0.82 to 3.0 in the 0 to 60cm
soil profile. These results indicate that the relationship between K
obtained by GP and VP methods is variable. The GP:VPV ratio is much
higher than the GP:VPH ratio. There could be several possible reasons
for this higher ratio between GP and VPV. The primary reason is the
difference between the two methods. The Guelph Permeameter does not
measure either the vertical or horizontal K separately, but some
combination of horizontal and vertical components of K (Reynolds and
Elrick, 1985), whereas the Velocity Permeameter measures the horizontal K
and the vertical K separately. The data given in Tables 11 and 12 seem
to suggest that the Guelph Permeameter measurements are in better
agreement with the horizontal K-values of the Velocity Permeameter than
with VPV measurements.
Mean hydraulic conductivity values determined with the Guelph and
Velocity Permeameters were compared with the vertical K-value determined
in the laboratory for undisturbed soil cores for four depths under no-
tillage and conventional tillage, respectively. Values from the
laboratory method were significantly different from the GP, VPV and VPH
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mean K-values and were about 10 to 800 times higher. Tables 11 and 12
also show that K values in both tillage treatment plots were lowest at
the 30cm depth. These tables also show that mean K values ia the 0-30cm
depth are higher in conventional tillage plots than in no-tillage plots,
whereas in the 30-60cm depth K values are lower in conventional tillage
plots than in no-tillage plots. Plots of K-values for each method are
shown in Figure 27. The plots show clearly that GP, VPH and VPV have
almost the same magnitude, and are lower than the K-values of SC method.
The significant increase of K-values with the laboratory method requires
some explanation. The K-values given in Tables 11 and 12 reflect the
collected data. Variations in the data may be the result of human errors
in measurement as well as contribution of some of the natural physical
properties of the soil that affect K, The spatial and temporal
variability of some of the physical properties of the soil, such as
cracks, worm holes, macropores, slacking, swelling, etc., which are not
accounted for by any of these techniques, would affect the K-values.
Also the amount of air entrapped and the length of the lab colunms could
be important factors causing disagreement between the field and lab
results.
The range, standard deviation (SD) and coefficient of variation (CV)
for three methods (GP, VP, and SC) are given in Tables 11 and 12 for no-
till and conventional tillage plots respectively. Different pattern in
the CV and SD values are seen for each of the two tillage systems.
Similarly, no clear trend of CV and SD values are reflected for the four
depths. The CVs of measurements with the GP, VPV, VPH, and SC in no-till
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plots are 46-149%, 28-64%, 36-47% and 85-246% respectively. Similarly,
in conveatlonal tillage plots the CVs are 29-114%, 28—86%, 28—81% and 87—
119% respectively- Coefficients of variation of 100-200% for the
saturated hydraulic conductivities are commonly reported by researchers.
The SD and CV values for the laboratory method are larger than for
the GP and VP methods. These larger values in the SD and CV indicate
that some of the soil cores may have more macropores than others. There
is also a possibility that the vertical macropores may be functioning
better under laboratory conditions than under field conditions. Inasmuch
as most of the entrapped air will be removed during the time the soil
cores are saturated. The GP method gives larger values of SD and CV for
almost all depths in comparison with the VP method. This could be due to
macropores present, or to smearing of the well surface by the auger under
relatively wet conditions. Loam soils often contain a preponderance of
cylindrical macropores (worm holes, root channels) over planer ones (Lee
et al., 1985).
The variability in measured K may be due to numerous reasons (Naney
et al., 1983; McKeague et al., 1982b). Tables 11 and 12 not only reflect
variabilities in K values for the different measurement methods, tillage
treatments and depth variation, but also variation within the same
experimental unit. Obviously, this shows that the site is significantly
heterogeneous as well as anistropic with respect to K. Hydraulic
conductivity is not only a function of the soil texture, but also is
dependent on the soil structure. Development of soil horizons within a
particular soil series would suggest higher values of the horizontal
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component of K (Topp and Sattlecker, 1983). On the other hand, in well
structured soils, vertical structural cracks, worm holes, and root
channels (macropores) would suggest significantly larger values of
vertical K than of horizontal K (Bouma and Dekka, 1981; Topp and
Sattlecker, 1983; Wang et al-, 1985). Zobeck et al. (1985) have shown
that vertical K for soil with macropores varied from 20 to over 100 times
that of soil without macropores. Taherian et al. (1976) and Watts et al.
(1982) have reported that field measurement of K are subject to soil
differences causing conductivity variations that may be larger than the
difference between the methods.
Part of the variability in K measurements may be due to the
differing degrees of air entrapment during saturation, size of the
sample, specific location of the soil being sampled, time and amount of
water required to complete a conductivity measurement, smearing and
siltation during augering, and the accuracy of the measurements.
Zobeck et al. (1985), evaluated three methods of measuring K, using
the constant head and falling head permeameter methods including Merva's
Parmeameter (Merva, 1979). They reported low saturated hydraulic
conductivity values for Merva*s Permeameter in comparison to the core and
block laboratory sampling techniques. They attributed this to the small
cross-sectional area sampled. Macropores were not included in the
smaller cross-sectional area of these samples. They reported that as
sample size decreases, the chance of intercepting a vertically continuous
macropore decreases. As a result, wider variations in saturated
hydraulic conductivity for a soil containing numerous macropores would be
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expected in samples with smaller cross-sectional area than vrLth larger
ones. In addition, they reported that for measurements with Merva's
instrument in the laboratory, the CVs of the falling head permeameter,
the method using the smallest sample cross-sectional area (iScm^), were
smaller than for the core method (44cm^) because macropores were avoided
when the sample sites were selected. Though the values in Tables 11 and
12 support this result, these low SD and CV values may also be attributed
to compaction ocurring when inserting the corers into the soil,
especially in the vertical case. It is possible that insertion of the
corer truncates macropores and reduces the variability. Rogers et al.
(1985) reported measured K-values twice as high when the core sampling
device was pressed into the soil as when the sampling device was hammered
into the soil. Another possible reason for low values with the VP is the
method by which the water is applied. Application of water with pressure
may cause more air-entrapment in the system.
•The higher variations observed with the SC method are in agreement
with results of other researchers (Rogers et al., 1985; van Schilfgaarde,
1970; and Zobeck et al., 1985). These researchers used different methods
to measure K and concluded that, generally, as the size of the sample
area decreased, the CV increased. The large values of K may reflect the
lower entrapment of air because the cores were slowly saturated from the
bottom upward and were kept saturated for a long period.
The CVs as measured by the Guelph permeameter in both tillage
systems are higher than the CVs of the VP method, except at 15cm in
conventional tillage and at 60cm in no-till plots. Higher variations are
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noted at 15, 30 and 45cni and lower at 60cm in both tillage systems. Lee
et al. (1985), reported a lower CV of the GP method in loam soil, and a
higher CV in sand and clay, in comparison to the SC and AEP (air entry
penneameter). The highest value of CV in the no-till plots and the
lowest value of CV in conventional tillage occurred at the same depth,
15cm. This simply indicates the existence of macropores in no-till which
were destroyed in conventional tillage plots. By the same token, it is
easy to imagine the role of macropores with respect to the K-value in the
field. Therefore, the measured scatter is a combined effect of inherent
variation and the measuring processes.
The Guelph and the Velocity Permeameters do not measure a completely
saturated hydraulic conductivity, but rather a field saturated hydraulic
conductivity. The degree of unsaturation or the percentage of air
entrapment may have played a significant role in the measured hydraulic
conductivity with GP, VP and SC. Studies have shown a conductivity
reduction for partially saturated soils of as much as 50% below the
completely saturated value (Bouwer and Jackson, 1974 and Lee et al.,
1985).
The CV values not only reflect the variation due to the method used,
but also the inherent variation of the samples themselves. Since CV is
also based on the SD and x, relatively small SDs may result in large CVs
when associated with small x values. Large CV values may also correspond
to the inherent variation of the samples, to variations existing within
the measuring techniques and may be due to a lower number of measurements
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being taken. Large variations in the GP and SC methods suggest that more
samples are needed to obtain a more reliable result.
The Velocity Permeameter method took about 21 minutes to complete
one vertical conductivity measurement, and about 14 minutes to make one
horizontal conductivity measurement after the hole was dug and the
permeameter was installed. The Guelph Permeameter took on the average
about 39 minutes for a single measurement after the instrument was
installed at a given site. This shows that the Velocity Permeameter
definitely takes less time in comparison with the Guelph Permeameter to
complete the K measurements. The water needs were found to be about the
same for both the permeameters.
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V. SUMMAJIY AND CONCLUSIONS
Concern with the increasing number, size and weight of farm machines
and with the known high level of field traffic, has given impetus to
research on evaluating the detrimental effect of compaction on soil
physical properties. Compaction is affected by soil, plant, and machine
parameters and interactions. Compaction research is hindered by the
large number of variables and by the non-availability of satisfactory
techniques for measuring some of the parameters. Recently developed in
situ techniques for measuring saturated hydraulic conductivity have made
it possible to evaluate some compaction effects on the soil.
The purpose of this study was to determine the influence of wheel
traffic on soil hydraulic conductivity in two tillage systems and at
various depths, and to evaluate two recently developed in-situ techniques
of measuring hydraulic conductivity. These two techniques are; the
Velocity Permeameter, based on the falling-head permeameter method, and
the Guelph Permeameter, based on the constant-head permeameter method.
To study any carry-over effects, the first set (Set 1) of readings was
taken in May, 1986 before planting, the second data (Set 2) were taken in
June, one week after planting and the third set (Set 3) readings were
obtained in the first week of September, 1986, prior to harvesting. For
the instruments comparison data of hydraulic conductivity were collected
in the Summer of 1987 after the com planting.
No-tillage plots had higher conductivity than the chiseled plots in
all cases. In the tilled plots, higher values were observed just after
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the tillage treatment, but decreased in the later part of the season.
Tillage-traffic and tillage-depth interactions were evident only
immediately following the treatment application.
No significant effect of traffic was observed on saturated hydraulic
conductivity, even though the means consistently reflected lower values
with traffic application. Failure of this difference to be statistically
significant may be due to the split-plot design used for the experiment,
which gives increased precision for sub unit comparisons, but at the cost
of lower precision for the whole unit comparisons (Steel and Torrie,
1980),
Variations in conductivity values were higher in trafficked than for
no-traffic treatments. No-tillage plots had higher conductivity values
with traffic, whereas chiseled plots had higher conductivity with no
traffic. Set two conductivity values were lowest after the tillage
treatment application, but the trend was not clear in all cases.
Depth was found to significantly affect the hydraulic conductivity
in the experimental plots. Hydraulic conductivity Increased with
increasing depth. The compaction effect was not visible below 30cm. No-
traffic chiseled plots showed higher conductivity and no-traffic no-
tillage plots showed lower conductivity in all depths and sets, compared
to the corresponding plots with wheel traffic.
Soil moisture content did not show a consistent trend with tillage
and traffic level. Depth had a significant effect on moisture content;
moisture content increased with depth. No-tillage plots had higher
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moisture than the chiseled plots, and the trafficked plots had greater
moisture contents than the plots that received no traffic.
Soil temperature was affected significantly by depth in set 1 and
set 2. Chiseled and trafficked plots had higher soil temperatures.
Penetration resistance values with traffic and no traffic had
significantly different values. These differences were not always
evident in the hydraulic conductivity measurements because of the larger
variability within the treatment than between the treatments.
Penetration resistance appeared to be a more sensitive measure of soil
compaction than hydraulic conductivity.
Matric potential data did not show consistent results. Values were
higher in the no-tillage plots. Matric potential showed an increasing
trend from the beginning of corn planting to the end of the season.
Trafficked plots indicated lower matric potential, reflecting the
compaction effect.
Bulk density was significantly affected by tillage, traffic and
depth. Existance of a plow pan was also observed in chiseled plots with
traffic treatement for set 1 but the results were not consistent in set 2
and set 3 (Figure 20). There was a difference in soil bulk density with
the two tillage systems near the soil surface, and the difference
narrowed at greater depths.
Effects of moisture content, temperature, matric potential and the
penetration resistance on hydraulic conductivity of the experimental
plots were evaluated. Figure 28 shows that with an increase of matric
potential, hydraulic conductivity decreased (set 1 is not considered
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here, because set 1 measurements were taken before treatment
application). Figure 28 (for sets 2 and 3) also reflects that the lower
the soil moisture content the higher the matric potential and the
penetration resistance. Higher conductivity values were observed with
higher moisture content and higher soil temperature. Also lower
conductivity corresponds to higher matric potential and higher
penetration resistance values.
Results of the comparisons of the two instruments indicate that for
the Velocity Permeameter, horizontal conductivity values were
significantly higher than the vertical values below the 15cm depth for
both tillage systems. The ratio ranged from four to nine in no-till and
two to 24 in conventional tillage plots. The CVg for horizontal and
vertical K-measurements were nearly identical.
The mean K-values of the pooled data obtained with the Guelph
Permeameter were generally between the horizontal and vertical mean K
values of the Velocity Permeameter. This was also true for no-till
plots, ezcept at 15cm. However, in conventional tillage plots the Guelph
values are higher than the Velocity Permeameter values for horizontal
conductivity. The comparison of means indicates that the K-values of the
GP method are not significantly different from the horizontal K-values,
but are different from the vertical K-values obtained by the VP below
I5cm in no-till plots and below 30cm in conventional tillage plots.
The laboratory method gave values much different from those obtained
with the GP, VPV and VPH methods; mean K-values and were 10 to 800 times
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higher. The CVg were highest for the laboratory method, followed by GP,
VPV and VPH in that order.
The conclusions drawn from the results of this study were:
1. The instruments used in this study for making field measurements
can be used to evaluate the effect of compaction on soil
hydraulic conductivity, if the sources of variation among the
treatment can be reduced. Otherwise, the treatment replications
must be increased, because of the already existing variability
within the soil. Also, instead of evaluating tillage-traffic-
depth interaction, each factor effect might be studied
separately. This could improve the precision of the experiment.
2. Higher soil hydraulic conductivity was observed in no-tillage
than in chiseled plots. Fresh chiseling increased conductivity,
but conductivity decreased in the later part of the season.
3. The mean hydraulic conductivity was shown consistently lower in
plots with the traffic treatment.
4. Depth significantly affected the hydraulic conductivity.
Conductivity values increased with depth.
5. Existance of a plow pan was indicated. No compaction effect was
detected below the 30cm depth.
6. Chiseled plots had higher conductivity and no-tillage plots had
lower conductivity in the no-traffic treatment, but with the
traffic treatment the no-tillage plots had higher conductivities
than the tilled plots at all depths and sets.
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7. Hydraulic conductivity measurements with the Velocity Permeameter
were sensitive to the preexisting soil matric potential, even
though the instrument is claimed to be not influenced by natric
potential.
8. Comparison of the instruments showed some agreement of the Guelph
values with the horizontal K-values of the Velocity Permeameter.
9. Poor agreement was found among conductivity results for the
various methods. The GP and VP methods yielded much lower
conductivity estimates than did the SC method.
10. Guelph Permeameter conductivity estimates were intermediate
between the values obtained from the VPH and VPV methods.
11. The Velocity Permeameter required less time than the Giwlph
Permeameter to complete the K measurements. The water needs were
found to be about the same for both permeameters.
A. Suggestions for Future Research
1. The measured conductivities were extremely variable, which limits the
inferences that can be drawn for compaction. Further investigations
should be conducted to evaluate the variability of the experimental
techniques, and the true variability of conductivity of the soils.
2. The newly developed instruments used in this study need more research
to find their dependency on other physical properties of soil while
taking the hydraulic conductivity measurements in situ.
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VIII. appendix A: HYDRAULIC CONDUCTIVITY DATA
Table A.l. Hydraulic conductivity of soil at different
depths (SET 1).
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Table A.2. Hydraulic conductivity of soil at different
depths (SET 2).
TILL TRAFFIC REP DET 15
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Table A.3.
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Hydraulic conductivity of soil at different
depths (SET 3).
DEPTH (cm)
TILL TRAFFIC REP DET 15 30 45
• cm/hr
SI F1 R1 1 0.02 0.03 0.05
SI F1 R1 2 0.02 0.02 0.04
SI PI R2 1 0.04 0.18 0.02
SI FI R2 2 0.14 0.02 0.05
SI F1 R3 1 0.02 0.02 0.03
SI Fl R3 2 0.01 0.01 0.01
SI F2 R1 1 0.01 0.02 0.08
SI F2 R1 2 0.02 0.04 0.15
SI F2 R2 1 0.01 0.05 0.02
SI F2 R2 2 0.22 0.01 0.03
SI F2 R3 1 0.005 0.02 0.02
SI F2 R3 2 0.03 0.02 5.07
S2 Fl R1 1 o".oi 0.02 0.02
S2 Fl R1 2 0.03 0.08 0.07
S2 Fl R2 1 0.02 0.06 0.08
S2 Fl R2 2 0.07 0.07 0.04
S2 Fl R3 1 0.01 0.02 0.03
S2 Fl R3 2 0.03 0.02 0.02
S2 F2 R1 1 ~^03 0.07 0.06
S2 F2 R1 2 0.01 0.04 0.01
S2 F2 R2 1 0.03 0.05 0.03
S2 F2 R2 2 0.003 0.03 0.16
S2 F2 R3 1 0.11 0.05 0.12
S2 F2 R3 2 .
£j£3t
S"'
S J ' hh
•s
^ I ' I
F Ta.
No T-(^' } r
o*(y-j_;2 ^.^>33
No
o oz3
11 ^ hi, Jr
o,oHB
R: ^ - 0.0 HH3
c H3, f-z 0
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Table A.4. Analysis of variance of hydraulic conductivity
Source DF
Set 1 Set 2 Set 3
F Value F Value F Value
Rep (R) 2 4.14* <1 1.18
Traffic (F) 1 <1 <1 1.12
Tillage (S) 1 1.41 <1 <1
F*S 1 1.30 4.14* <1
Error (1) 6 - - -
Depth (D) 2 3.51* 32.95*** <1
F*D 2 7.62** 1.29
S*D 2 <1 <1 <1
F*S*D 2 <1 1-21 <1
Error (2) 16 - - -
Corrected Total 71
*Significant at 0.10 probability level.
**Sigaificant at 0.05 probability level.
***Significant at 0.01 probability level.
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IX. APPENDIX B: MOISTURE CONTENT DATA
Table B.l. Soil moisture content at different depths as
affected by tillage and traffic (SET 1).
DEPTH (cm)
TILL TRAFFIC REP DET 15 30 45
- 7,DB
SI F1 Ri 1 21.5 26.1 25.7
SI F1 R1 2 22.8 25.5 27.1
SI F1 R2 1 23.0 26.8 25.9
SI F1 R2 2 24.5 26.2 26.3
SI F1 R3 1 21.7 22.9 21.7
SI F1 R3 2 21.0 20.9 22.3
SI F2 Rl 1 25.9 25.8 24.4
SI F2 Rl 2 25.8 28.4 26.9
SI F2 R2 1 23,6 22.9 24.6
SI F2 R2 2 19.9 21.1 22.8
SI F2 R3 1 24.4 22.9 22.5
SI F2 R3 2 20.9 22.4 21.2
S2 F1 Rl 1 19.8 26.1 24.7
S2 F1 Rl 2 23.2 26.1 24.2
S2 F1 R2 1 23.4 2U.1 25.7
S2 FI R2 2 26.6 29.2 29.0
S2 F1 R3 1 21.0 23.7 23.7
S2 Fl R3 2 21.2 24.1 23.6
S2 F2 Rl 1 24.1 25.2 26.0
S2 F2 Rl 2 22.7 25.2 27.0
S2 F2 R2 1 21.7 22.7 20.9
S2 F2 R2 2 19.5 21.7 22.0
S2 F2 R3 1 21.9 23.3 23.4
S2 F2 R3 2 25.1 25.3 25.5
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Table B.2. Soil moisture content at different depths as
affected by tillage and traffic (SET 2).
DEPTH (cm)
TILL TRAFFIC REP DET 15 30 45
- 'iDB
SI F1 R1 1 20.5 23.7 24.5
SI F1 R1 2 22.8 26.2 25.1
SI F1 R2 1 23. 1 27.0 26.9
SI F1 R2 2 22.9 27.8 35.3
SI F1 R3 1 15.2 16.9 15.2
SI FX R3 2 15.3 15.1 74.8
SI F2 R1 1 20.7 26.1 25.5
SI F2 R1 2 25,9 29.7 27.7
SI F2 R2 1 22.3 21.8 21.5
SI F2 R2 2 18.0 20.6
SI F2 R3 1 23.5 20.3
SI F2 R3 2 16.3 16.9 15.2
S2 F1 R1 1 24.2 25.5 25.3
S2 F1 R1 2 25.7 27.9 27.1
S2 F1 R2 1 19.8 21.9 19.5
S2 F1 R2 2 18.7 22.7 67.3
S2 F1 R3 1 18.3 22.5 21.1
82 FX R3 2 19.6 22.5
S2 F2 R1 1 25.4 22.7 22.9
S2 F2 R1 2 20.6 23.2 22.5
S2 F2 R2 1 24.6 51.9 73.9
S2 F2 R2 2 18.4 21.4 85.4
S2 F2 R3 1 18.1 20.1 19.8
S2 F2 R3 2 18.0 17.7 20.2
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Table B.3. Soil moisture content at different depths as
affected by tillage and traffic (SET 3).
1DEPTH (cm)
TILL TRAFFIC REP DET 15 30 45
- %DB
SI F1 R1 • 1 19.92 20.9 19.85
SI F1 R1 2 20.26 21.22 20.46
SI F1 R2 1 18.64 20.87 21.40
SI F1 R2 2 19.24 21.60 22.04
SI F1 R3 1 19.39 21.04 19.40
SI F1 R3 2 19.29 18.20 18.80
SI F2 R1 1 21.10 23.50 22.70
SI F2 R1 2 22.30 23.20 22.00
SI F2 R2 1 17.50 18.30 18.80
SI F2 R2 2 i8.ro 18.80 19.20
SI F2 R3 1 18.90 18.25 18.60
SI F2 R3 2 19.20 17.80 18.50
S2 F1 R1 1 20.18 23.14 21.70
S2 F1 R1 2 20.24 22.50 20.80
S2 F1 R2 1 16.60 19.08 17.91
S2 F1 R2 2 16.10 19.35 17.47
S2 F1 R3 1 17.60 17.80 17.71
S2 F1 R3 2 17.21 18.81 16.10
S2 F2 R1 1 17.10 22.20 21.30
S2 F2 R1 2 15.59 16.32 20.30
S2 F2 R2 1 15.70 18.70 17.80
S2 F2 R2 2 16.50 18.50 16.90
S2 F2 R3 1 16.50 18.60 21.57
S2 F2 R3 2 21.10 22.40 21.56
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Table B.4. Analysis of variance of gravimetric moisture contents
Source DF
Set 1 Set 2 Set 3
F Value F Value F Value
Rep (R) 2 1.44* 1.831 2.45
Traffic (F) 1 <1 <1 <1
Tillage (S) 1 <•1 <1 1.69
F*S 1 <1 <1 <1
Error (1) 6 - - -
Depth (D) 2 17.80*** 3.28* 12.25***
F*D 2 3.85* <1 1.68
S*D 2 <1 <1 2.90*
F*S*D 2 <1 <1 2.29
Error (2) 16 - - -
Corrected Total 71
♦Significant at 0.10 probability level.
**Signifleant at 0.05 probability level.
***Signlficant at 0.01 probability level.
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X. APPENDIX C; SOIL TEMPERATURE DATA
Table C.l. Soil temperature at different depths measured
during the conductivity measurements (SET 1).
DEPTH (cm)
TILL TRAFFIC REP DET 15 30
- «c •
45
SI F1 R1 1 13.9 14.1 13.8
SI PI R1 2 16.3 14.1 14.5
81 F1 R2 1 15.3 14.4 14.3
SI F1 R2 2 15.4 14.3 14.2
31 F1 R3 1 16.6 16.3 16.5
SI F1 R3 2 16.0 16.0 15.4
SI F2 R1 1 15.3 14.1 14.3
SI F2 R1 2 13.7 15.9 15.0
31 F2 R2 1 14.3 14.4 14.5
31 F2 R2 2 13.8 13.7 13.4
31 F2 R3 1 U.6 13.8 13.3
SI F2 R3 2 16.1 14.8 13.7
S2 F1 R1 1 18.3 15.8 14.3
S2 F1 R1 2 18.9 16.2 15.1
S2 F1 R2 1 14.1 15.0 14.4
32 F1 R2 2 14.1 14.2 14.2
S2 F1 R3 1 16.1 15.3 15.0
S2 F1 R3 2 15.1 15.0 14.8
S2 F2 R1 1 14.2 13.7 14.1
S2 F2 R1 2 15.7 13.7 13.6
S2 F2 R2 1 15.0 14.7 15.4
32 F2 R2 2 16.8 16.1 15.3
32 F2 R3 1 16.0 15.7 15.1
S2 F2 R3 2 16.3 15.1 14.6
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Table C.2. Soil temperature at different depths measured
during the conductivity measurements (SET 2).
DEPTH (cm)
TILL TRAFFIC REP DET 15 30
- "C
45
SI F1 R1 1 23.1 21.9 21.9
31 F1 R1 2 23.1 20.5 21.7
SI F1 R2 1 21.5 21.5 20.5
SI F1 R2 2 20.8 20.4 19.5
SI F1 R3 1 21.6 21.6 20.8
SI F1 R3 . 2 22.5 21.5 21.7
SI F2 R1 1 19.4 19.4 15.7
SI F2 R1 2 20.3 20.2 19.1
SI F2 R2 1 23,3 20.6 20.6
SI F2 R2 2 27.4 20.8 20.5
SI F2 R3 1 22.3 21.2 20.8
SI F2 R3 2 21.1 21.2 20.3
S2 F1 R1 1 25.0 21.7 20.5
S2 F1 R1 2 26.1 21.4 21.8
S2 F1 R2 1 24.7 23.4 22.6
S2 F1 R2 2 26.0 23.3 22.2
S2 F1 R3 1 24.1 21.8 21.2
S2 F1 R3 2 23.5 21.6 21.1
S2 F2 R1 1 19.8 20.1 19.0
S2 F2 R1 2 21.8 20.7 20.1
S2 F2 R2 1 23.3 20.0 20.6
S2 F2 R2 2 23.7 21.7 21.0
S2 F2 R3 1 23.2 21.5 20.2
S2 F2 R3 2 25.4 21.4 20.7
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Table C.3. Soil temperature at different depths measured
during the conductivity measurements (SET 3).
DEPTH (cm)
TILL TRAFFIC REP DET 15 30
- "C
45
SI FI R1 1 19.5 19.2 18.5
SI F1 R1 2 18.5 19.0 19.2
SI Fl R2 1 19.7 18.6 18.4
SI FI R2 2 18.0 18.4 18.2
SI Fl R3 1 17.3 18.0 18.3
SI Fl R3 2 14.3 15.9 16.8
SI F2 R1 1 18.6 18.3 18.1
SI F2 R1 2 17.4 17.2 18.2
31 F2 R2 1 18.2 17.6 17.9
SI F2 R2 2 15.6 15.7 16.2
SI F2 R3 1
SI F2 R3 2 14.2 15.7 16.5
S2 Fl R1 1 17.6 18.7 18.3
S2 Fl R1 2 19.4 18.6 18.2
S2 Fl R2 1 21.0 19.4 19.4
S2 Fl R2 2 19.6 19.3 19.0
S2 Fl R3 1 15.4 15.7 16.1
S2 Fl R3 2 15.2 15.4 16.1
S2 F2 R1 1 18.5 18.5 18.4
S2 F2 R1 2 18.3 17.9 17.9
S2 F2 R2 1 19.0 19.0 22.0
S2 F2 R2 2 19.0 19.0 18.9
S2 F2 R3 1 14.3 15.5 16.9
S2 F2 R3 2 14.8 15.4 16.8
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Table C.4« Analysis of variance of soil temperaCure
Source DF
Set 1 Set 2 Set 3
F Value F Value F Value
Rep (R) 2 <1 1.06 15.59^*
Traffic (F) 1 <1 3.23 2.86
Tillage (S) 1 <1 2.64 <1
F^S 1 <1 <1 1.95
Error (1) 6 - - -
Depth (D) 2 6.73^* 2A.87^** 2.55
F*D 2 <1 <1 1.91
S*D 2 <1 1,35 <1
f*s*d 2 <1 1.48 <1
Error (2) 16 - - -
Corrected Total 6S
♦Significant at 0.10 probability level.
**Significant at 0.05 probability level,
♦♦♦Significant at 0.01 probability level.
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XI. APPENDIX D: SOIL PENETRATION RESISTANCE DATA
Table D.l, Soil penetration resistance at different depths as
affected by tillage and trafffic (SET 1).
DEPTH (cm)
TILL TRAFFIC REP DET 15 30 45
— kPa
SI F1 R1 1 1144 915 1192
SI F1 R1 2 947 805 828
SI F1 R2 1 «
31 F1 R2 2
SI F1 R3 1 .
SI F1 R3 2
SI F2 R1 1 1349 1286 1223
SI F2 R1 2 1089 789 773
SI F2 R2 1 915 631 963
SI F2 R2 2 955 655 876
SI F2 R3 1
SI F2 R3 2
S2 F1 R1 1 1121 639 702
S2 F1 R1 2 1421 860 1113
S2 F1 R2 1 1531 1342 1168
S2 F1 R2 2 1026 1144 923
S2 F1 R3 1
«
S2 F1 R3 2
S2 F2 R1 1 844 876 915
S2 F2 R1 2 876 1136 828
S2 F2 R2 1
S2 F2 R2 2 • •
S2 F2 R3 1
S2 F2 R3 2
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Table D.2. Soil penetration resistance at different depths as 
affected by tillage and trafffic (SET 2) . 
-------------------------------------------------------------
DEPTH ( cm) 
---------------------
TILL TRAFFIC REP DET 15 30 45 
------- kPa -------
Sl Fl Rl 1 1247 1799 1799 
Sl Fl Rl 2 1697 1689 1397 
Sl Fl R2 1 1326 1397 1523 
Sl Fl R2 2 1318 1255 1436 
Sl Fl R3 1 2084 2163 2005 
Sl Fl R3 2 1799 2139 2249 
Sl F2 Rl 1 892 1089 1286 
Sl F2 Rl 2 1097 1278 1286 
Sl F2 R2 l 1247 1255 1349 
Sl F2 R2 2 1176 1097 1571 
Sl F2 R3 1 1263 1539 1602 
Sl F2 R3 2 1468 1626 1665 
S2 Fl Rl 1 1531 1184 1563 
S2 Fl Rl 2 844 1097 915 
S2 Fl R2 1 1586 1855 1989 
S2 Fl R2 2 2384 1894 1689 
S2 Fl R3 1 1965 1949 1847 
S2 Fl R3 2 2050 2052 2147 
S2 F2 Rl 1 702 1128 1294 
S2 F2 Rl 2 1231 1310 1002 
S2 F2 R2 1 1286 1405 1476 
S2 F'2 R2 2 1152 1484 1547 
S2 F2 R3 1 1199 1373 1531 
S2 F2 R3 2 923 1349 1547 
-------------------------------------------------------------
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Table D.3. Soil penetration resistance at different depths as
affected by tillage and trafffic (SET 3).
DEPTH (cm)
TILL TRAFFIC REP DET 15 30 45
- kPa -
SI F1 R1 1 1863 1949 1902
SI F1 R1 2 2226 1744 1926
31 F1 R2 1 1721 1886 1721
SI F1 R2 2 1697 1989 12^4
SI F1 R3 1 1870 2147 2020
SI F1 R3 2 1634 2178 1957
SI F2 R1 1 2186 1768 1728
SI F2 R1 2 2186 1776 1831
SI F2 R2 1 2155 2020 1792
SI F2 R2 2 1A52 1263 1357
SI F2 R3 1 .
SI F2 R3 2 1792 1728 1997
S2 F1 R1 1 1444 1428 1689
S2 FX R1 2 1555 1563 1642
S2 F1 R2 1 3031 2810 2802
S2 F1 R2 2 2960 2928 2699
S2 F1 R3 1 2976 2960 2273
S2 F1 R3 2 2597 2281 1855
S2 F2 R1 1 1886 1776 1784
S2 F2 R1 2 702 1413 1594
S2 F2 R2 1 1531 1792 1981
S2 F2 R2 2 1484 2660 3063
S2 F2 R3 1 1571 2305 2326
S2 F2 R3 2 923 1894 2060
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Table 0.4. Analysis of variance of soil penetration resistances
Source DF
Set 1 Set 2 Set 3
F Value F Value F Value
Rep (R) 2 <1 4.01* 1.03
Traffic (F) 1 <1 8.55** 1.46
Tillage (S) 1 <1 <1 <1
F*S 1 <1 <1 <1
Error (1) 6 - - -
Depth (D) 2 1.76 17.52*** 1.09
F*D 2 <1 7.30** 4.35*
S*D 2 <I <1 2.70
F*S*D 2 <1 4.32 8.08**
Error (2) 16 - - -
Corrected Total 17
*Significaat at 0.10 probability level.
**Sigiiificaiit at 0.05 probability level.
***Signifleant at 0.01 probability level.
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XII. APPENDIX E: SOIL MATRIC POTENTIAL DATA
Table E.l. Soil matric potential at different depths measured
during the conductivity measurements (SET 1).
DEPTH (cm)
TILL TRAFFIC REP DET 15 30 4.
cm of water—
81 F1 r: 1 44 37 28
SI F1 R1 2 49 33 22
SI F1 R2 1 59 40 55
SI F1 R2 2 80 50 38
SI F1 R3 1 53 52 52
SI F1 R3 2 39 45 45
SI F2 R1 1 23 25 6
SI F2 R1 2 31 16 9
SI F2 R2 1 54 34 13
SI F2 R2 2 51 39 24
SI F2 R3 1 63 46 38
SI F2 R3 2 73 53 40
S2 F1 R1 I 52 24 6
S2 F1 R1 2 44 34 4
S2 F1 R2 1 12 38 31
S2 F1 R2 2 44 27 21
S2 F1 R3 1 80 66 49
S2 F1 R3 2 87 72 52
S2 F2 R1 1 30 16 24
S2 F2 R1 2 27 22 9
S2 F2 R2 1 65 43 32
S2 F2 R2 2 42 43 37
S2 F2 R3 1 50 53 54
S2 F2 R3 2 50 44 41
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Table E.2. Soil matric potential at different depths measured
during the conductivity measurements (SET 2).
DEPTH (cm)
TILL TRAFFIC REP DET 15 30 4
~ cm of water—
SI F1 R1 1 63 57 42
SI F1 R1 2 76 63 50
SI F1 R2 1 58 36 36
SI F1 R2 2 56 48 35
SI F1 R3 1 126 76 76
SI F1 R3 2 98' 115 83
SI F2 R1 1 45 42 10
SI F2 R1 2 56 48 30
SI F2 R2 1 87 68 57
SI F2 R2 2 5 73 63
SI F2 R3 1 86 75 67
SI F2 R3 2 117 87 84
S2 F1 R1 1 98 41 5
S2 F1 R1 2 50 26 2
S2 F1 R2 1 92 76 64
S2 F1 R2 2 119 78 44
S2 F1 R3 1 130 74 86
S2 F1 R3 2 114 87 2
32 F2 R1 1 73 65 45
S2 F2 R1 2 71 74 40
S2 F2 R2 1 80 56 47
S2 F2 R2 2 79 69 59
S2 F2 R3 1 105 88 40
32 F2 R3 2 26 91 67
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Table E.3. Soil matric potential at different depths measured
during the conductivity measurements (SET 3).
DEPTH (cm)
TILL TRAFFIC REP DET 1.5 30 45
cm1 of water
SI F1 R1 1 138 133
SI F1 R1 2 142 163 156
SI F1 R2 1 153 69 84
SI F1 R2 2 97 123 136
SI F1 R3 1 125 306 302
SI F1 R3 2 245 379 307
SI F2 R1 1
SI F2 R1 2 ,
SI F2 R2 1 165 184 193
SI F2 R2 2 138 229 187
SI F2 R3 1
SI F2 R3 2 207 79 227
S2 F1 R1 1 31 45 64
S2 F1 RI 2 159 98 87
S2 F1 R2 1 221 148 130
S2 F1 R2 2 153 135 132
S2 F1 R3 1 353 274
S2 F1 R3 2 36 106 16
S2 F2 Rl 1 217 38 10
S2 F2 Rl 2 276 319 241
S2 F2 R2 1 98 293 138
S2 F2 R2 2 113 423 138
S2 F2 R3 1 142 179 183
S2 F2 R3 2 81 16
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Table E.4. Analysis of variance of soil metric potential
Source DF
Set 1 Set 2 Set 3
F Value F Value F Value
Rep (R) 2 8.12* 5.15* <1
Traffic (F) 1 1.38 <1 <1
Tillage (S) 1 <1 <1 <1
F*S 1 <1 <1
Error CD 6 - - -
Depth (0) 2 20.86*** 31.19*** <1
F*D 2 <1 6.31** <1
S*D 2 <1 4.00* 1.68
F*S*D 2 3,08* 2.55 1.19
Error (2) 16 - - -
Corrected Total 17
*Slgnificant at 0.10 probability level.
**Significaat at 0.05 probability level.
***Significant at 0.01 probability level.
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XIII. APPENDIX F: SOIL BULK DENSITY DATA
Table F.l. Dry soil bulk density as affected by tillage and trafClc at
different depths
Depth (cm)
Till Traffic Rep 0-5 5-10 10-15
Mg/m^
15-20 20-25 25-30
SI F1 R1 — 1.52 - 1.38 1.51 1.45
SI F1 R2 1,62 1,57 1.35 1.47 1,46 1.43
SI F1 R3 1.44 1.53 1.45 1.54 1.43 1.26
SI F2 R1 1,32 1.43 1,65 1.55 1.48 1.46
SI F2 R2 0.94 1.20 1.50 1.50 1.24 1.43
SI F2 R3 1,10 1.33 1.36 1.57 1,34 1.25
S2 F1 R1 1,04 - 1.48 1.60 1.64 1.54
32 F1 R2 1.09 1.76 1.60 1.66 1.57 1.52
S2 F1 R3 0.83 1.35 1.39 1.47 1.52 1.39
S2 F2 Rl 1,05 1.02 - 1.32 1.55 1.28
S2 F2 R2 0,64 0.79 1.20 1.35 1.55 1.56
S2 F2 R3 1.21 1.31 1.14 1.42 1.67 1.39
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Table F.2. Analysis of variance of soil dry bulk density
Source DF SS F Value
Rep (R) 2 0.0269 1.08
Traffic (F) 1 0.0718 5.76*
Tillage (S) 1 0,3403 27.30***
1 0.0383 3.07*
Error (1) 6 - -
Depth (D) 5 0.8637 13.86***
F*D 5 0.4359 7.00***
S*D 5 0.2298 3.69**
F*S*D 5 0.3279 5.26**
Error (2) 36 - -
Corrected Total 67
*Significant at 0 .10 probability level.
**Significant at 0 .05 probability level.
***Significant at 0 .01 probability level.
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XIV. APPENDIX G: PERMEAMETERS COMPARISON DATA
Table G.l. Horizontal and vertical hydraulic conductivity using the
Velocity Permeameter
Tillage Depth
(cm)
Rep Horizontal
(cm/hr)
Vertical
(cm/hr)
No-tlll 15 1 0.08 0.02
2 0.05 0.01
3 0.03 0.02
4 — 0.02
30 1 0.10 0.02
2 0.13 0.06
3 0.14 0.02
4 0.25 0.06
45 1 0.17 0.05
2 0.25 0.06
3 0.11 0.06
4 0.35 0.05
60 1 0.26 0.04
2 0.12 0.02
3 0.14 0.01
4 0.24 -
Chiseled 15 1 0.01 0.01
2 0.10 -
3 0.03 0.09
4 0.05 0.04
30 1 0.04 0.03
2 0.17 0.03
3 0.04 0.01
4 0.17 0.10
45 1 0.30 0.08
2 0.26 0.02
3 0.11 0.03
4 0.20 0.04
60 1 0.31 0.02
2 0.21 0.01
3 0,21 0.02
4 0.29 0.02
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Table G.2. Hydraulic conductivity and related parameter using the
Guelph Perraeameter
Tillage Depth
(cm)
Kfs
(cm/hr)
0m
(cm/hr)
cc
(cm~^)
A0
(cra^/cra^)
S
(cm sec"^'^)
No-Till 15 0.067 0.799 0.083 0.256 0.011
0.004 0.09 0.047 0.222 0.003
0.005 0.201 0.003 0.387 0.006
0.013 3.348 0.038 0.436 0.01
30 0.0119 1.152 0.103 0.20 0.011
0.020 0.468 0.042 0.236 0.01
0.154 0.432 0.346 0.212 0.01
0,612 6.912 0.088 0.271 0.032
45 0.083 0.396 0.192 0.225 0.010
— - - 0.246 0.030
0.421 0.457 0.918 0.33 0.01
0.044 0.518 0.085 0.407 0,01
60 0.042 0.612 0.068 0.234 0.01
0.061 1.422 0.043 0.288 0,015
0.05 0.029 1.73 0.303 0.002
0.015 0.208 0.074 0.219 0.005
Chiseled 15 0,094 1.152 0.079 0.291 0,013
0.169 0.648 0.259 0,402 0,012
0.161 2.376 0.067 0.262 0,018
30 0.061 0.99 0.061 0.383 0,014
0.039 0.104 0.378 0.263 0.004
0.022 0.388 0.996 0.194 0.006
0.220 1.044 0.205 0.32 0,014
45 0.065 0.167 0.391 0,265 0,005
0.133 3.960 0.032 0.337 0.03
0.184 8.604 0.213 0.373 0.042
0.792 3.348 0.236 0.306 0.024
60 0.54 8.388 0.064 0.323 0.04
0.67 9.504 0.071 0,306 0.04
0.133 1.548 0.084 0,260 0.015
0.025 0.464 0.055 0.289 0.01
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Table G.3. Hydraulic conductivity using the undisturbed soil samples in 
the laborator.r 
Tillage Rep 15 
Deeth (cm) 
30 45 60 
cm/hr cm/hr cm/hr cm/hr 
No-till 1 1.49 3.25 12.82 0.04 
2 0.79 1.36 1. 79 3.34 
3 0.22 1.32 0.63 2.74 
4 14.15 0.68 1.64 3. 47 
5 11.30 0.44 15.41 27.03 
6 9.11 14.79 11.95 3.67 
7 7.50 10.40 11.88 17.49 
8 2.22 1.31 7.27 9. 72 
9 1.12 0.42 1.52 12.17 
10 0.88 0.28 5.98 10.98 
11 0.76 0.12 4.25 6.3Q 
12 0.20 - 4.00 3 .12 
13 - - 2.66 
14 - - 0.24 
Chiseled l 22.12 12 .16 15. 96 29 .07 
2 3.02 11.44 15.46 28.45 
3 2. 27 8.53 15.18 25.05 
4 2.02 3.07 9.42 22. 20 
5 1.33 2.88 8.87 14.01 
6 1.25 2 .15 7.88 9.52 
7 0.65 1. 77 7 .12 8.80 
8 0.64 1.17 5.88 8 .18 
9 0.39 1.16 5.09 7. 93 
10 0.35 0.73 4.62 7.51 
11 0.31 0.68 2.83 5.54 
12 0. 23 0 . 58 2.61 5.08 
13 0.18 0.57 1.99 2 . 02 
14 0 .15 0.51 1.98 0. 97 
15 0.11 0.50 1.95 0.91 
16 0.002 0 . 44 1.39 0.79 
17 - 0.42 0.63 0.69 
18 - 0.34 0. 23 0.09 
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XV. APPENDIX H: SAMPLE SHEETS AND PLOT LAYOUT
Table H.l. A sample printout of the Velocity Permeameter,
PLOT 16
D ^5 T 22.6
T 22.8 c 216
C 216 P 246
P 246 262 244 T^ i ft 3^
T - 183
11:46:44 AM
09/02/86 11 :4f,-44 PP
RUN NO. 243.
K=0.11 UNIT/HR pijH hG. 24".
R2=0.95 k'=y.ri H?
p£=e.?5
11:48:42 AM
09/02/9/86 :!.4S:4£h:w
RUN NO. 244. e9/82.'Sb
K=0.07 UNIT/HR m MO. 2^4.
R2=0,98 K=i3.67 UKjT.V
F:2=e.98
11:50:47 AM
09/02/86 11:58:47 Gf!
RUN NO. 245. 89/02/S6
K=0.03 UNIT/HR PUN HO. 24^.
R2-0.84 K=0.83 iJHIT/up
P2=«.e4
11:53:05 AM
09/02/86 !l:53:fi5 m
RUN NO. 246.
K=0.04 UNIT/HR RUN HO. 2ii,
R2-0.96 K=fi.e4 UHIT/HF
R2=0.9e
11:55:27 AM
09/02/86 11:55:27 m
RUN NO. 247. 05/62/86
K=0.04 UNIT/HR "0-
R2-0.97 UKIT/HP
R2=S.?7
11:57:19 AM
09/02/86
RUN NO. •249. 11:57:1? 01'
K=*0.08 UNIT/HR 09/rC-"5o ,
R2-0.92
v'r? po f'K" ':r
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Table H.2. Factors and their levels
Factors Levels
Tillage No-tillage
Chiseled
Traffic Trafficked
No-trafficked
Depth 15cm
30cm
45cm
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Table H.3. Experimental plot layout
1 2 3 4 5 6
SI SI SI S2 S2 S2
F2 F2 Fl Fl Fl F2
Rl R2 Rl Rl Rl R2
7 8 9 10 11 12
SI S2 SI SI S2 S2
Fl Fl F2 Fl F2 F2
R2 R3 R3 R3 R3 Rl
Where;
Numbers represent plot numbers
SI = No-till
S2 = Chisel
F1 = Traffic
F2 = No-traffic
Rl, R2, R3 " Replicates
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Table H.4. A sample field data sheet of the Guelph Permeameter
GP F1EU5 IWTA SHEET
Do te I n Vc s I i J Iur
leservo I r Cons tan (s : I4(<e I jn t'lr r }
Cntnbtnvtl Uoservoirs X ctn'
Inner llcservoir Y Jl • cni'
i»( >•'I <il Mv.ilingk «••(> I'l'iflil
•il III WFI I Ill|) >ft "> ini
r
>>
a
«
i:'
• »
'- /] ;•
/2V6 0 /"?• r — -
S' r ff' 3 o <
fo JC- « tf 4fOj 1
/r- 3-2 1 /•J o --tH J
x« 3-3 I. >• /
a_r IH- T / S* 0 09^
XS-'C of 0
3C '/ it- ' /•I o cr* 34
(/o / <1
SECTION 2j standardized PROCEDURE
Fa? PCRME/\METEU READINGS
AND CALCULATIONS
OlLtX
KL^LKVOIK
U- iT^l.O
I5u|>th of Well NjIp ZOOrt,.
NqI r 1 li' \ Jj> d I (<'>! |I> >11 i-iliii •' Itiv fdiliu
.>1 till- ..-I 1 ' l>l<' I ^ I .U .•>,
/iiii St* I tit Iti* j*l 11*^;\ VI 111
Jt v.ilri III mrti (II}) «l I" <.•"
A
i>
Zi
-• f
c? •— 2^-9 — —
r 5- Z7- 7 o 2.
/ o i'i-o I- 3 O fOt
T J ! J 0 •{••O 'T
3/. 7 6 B>3
P sj- r ' « 6 C***
3o 4 /- f 6 «ruj4
3S < U o 'V « ti'LiS'6
Vf? ">7- S /• V V
.
R , lh«
CALCULATIONS
9l 110*. II »ntn**»4 vMrn li It t'lr t4iv in Iftive (gn tvvu 11 <« t line miotxlt.
For the 1st Set o! Readings R, = ( 0'i& W&Q = Q- an/ sec
For the 2nd Set of Readings R, = ( Q'lft W60 - on/sec
-I
/OK,. = H ^ )] - [(.QQSOW , ^'0 A rn^Uoc
.»/«•
-V
I ii» Ml* atAfI II
l»
.•4%* tivrl I
• Ml
IISO lum
to
_ cir
C Cu// >v
't'li. ^ r(.Q572)( ^/y )( )} - [(.02)7)(_L^^f_)(_£_f!Z^)] = !• 2 ^ tn /lec
I ii.% MM«»«MII >11 VI «lf
t niK ru
s( •(f76 1 sriuMi.n
» II l<* ^AllM^«« M
MLAMKCl) V'
««ii ii • .fvii
- •/r( a-^L, . O'gf TAI si:c
